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I have explored a variety of geologic problems in the course of the 
chapters contained within this dissertation.  These include a study relating to the 
fusion crusts on meteorites, an impact basin of the Moon, and Siberian kimberlitic 
ilmenites.  The first chapter explores two assumptions commonly employed in 
meteorite analysis; that fusion crust compositions represent the bulk-rock 
chemistry of the entire meteorite and that the vesicles within the fusion crust 
result from the release of implanted solar-wind volatiles.  Neither of these 
assumptions was found to hold true in that study.  The second chapter explores 
the unusual nature of the Moscoviense Basin on the farside of the Moon.  The 
basin contains an atypical ring configuration, abundant mare basalts, and mafic 
exposures within its rings.  Potential formational mechanisms are presented that 
address the current configuration and compositional variability at this atypical 
location utilizing recently collected SELENE and Lunar Reconnaissance Orbiter 
imagery and laser altimetry data, and Moon Mineralogy Mapper imagery and 
spectroscopic data.  The third, and last chapter, is a study of kimberlitic ilmenite 
and its usefulness as an indicator mineral for determining the presence or 
absence of diamonds within a pipe.  Statistical analysis of ilmenite compositions 
suggest that it can be used as an indicator of the presence or absence of 
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Several years ago I attended a conference where, then NASA 
administrator, Daniel Goldin responded to a student question regarding the 
reduction in funding that was about to occur in Mars science/missions and the 
influence that it would have upon the students future career plans.  His response 
was, approximately, “that being well-rounded and able to diversify oneself and 
their skillset(s) would always benefit them more as professionals than a narrow 
or highly focused skillset would”.  As a response to that conversation, my own 
desire to be a well-rounded scientist, and because Geology has become an all-
encompassing term that extends beyond just the study of planet Earth, I have 
explored a variety of geologic problems in the course of studies leading to the 
chapters contained within this dissertation.  These include separate studies 
relating to the compositions of meteorite fusion crusts and the origin of vesicles 
within them; the potential formational mechanisms of the Moscoviense Basin on 
the farside of the Moon and the implications of new mineralogical and 
topographic data on our understanding and interpretations of that area; and the 
potential use of ilmenite as an indicator of the presence or absence of diamonds 
in Siberian kimberlites.   
The study of geology has expanded beyond the Earth, to include other 
planets and the processes that led to their formation and their current state.  
During this period of expansion for this discipline, it has become apparent that in 
order to really understand our own planet, it is often beneficial to look outward to 
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the other terrestrial planets and moons in order to examine the process that have 
occurred or are occurring on them, to help us understand some of the processes 
that we see here on Earth.   
 
Meteorite Fusion Crust Variability 
 The first chapter, titled Meteorite Fusion Crust Variability, was developed 
from a Geochemical Analysis class project.  This project was initiated to examine 
the claims of recent publications suggesting that the composition of a meteorite 
could be determined through the analysis of its fusion crust, and to explore the 
necessity of solar implanted volatiles as the means for generating vesicles within 
the fusion crust. 
 
Geology of the Moscoviense Basin 
The second chapter, titled Geology of the Moscoviense Basin, was 
initiated after I became an associate member of the Moon Mineralogy Mapper 
science team.  The Moon Mineralogy Mapper was a NASA-funded imaging 
spectrometer that flew aboard India’s Chandrayaan-1 spacecraft that orbited the 
Moon.  As a member of the impact-basin team, I participated in exploring the 
structural development of large impact basins.  Through an understanding of the 
fundamental structural features associated with basins, we explored the 
mineralogical variability and petrologic implications that were identified using the 
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Moon Mineral Mapper data.  Two other manuscripts were published in 
conjunction with this work: 
 Isaacson, P. J., C. M. Pieters, S. Besse, R. N. Clark, J. W. Head, R. L. Klima, J. 
F. Mustard, N. E. Petro, M. I. Staid, J. M. Sunshine, L. A. Taylor, K. G. Thaisen, 
and S. Tompkins (2011), Remote compositional analysis of lunar olivine-rich 
lithologies with Moon Mineralogy Mapper (M(3)) spectra, J Geophys Res-Planet, 
116. and  
Pieters, C. M., S. Besse, J. Boardman, B. Buratti, L. Cheek, R. N. Clark, J. P. 
Combe, D. Dhingra, J. N. Goswami, R. O. Green, J. W. Head, P. Isaacson, R. 
Klima, G. Kramer, S. Lundeen, E. Malaret, T. McCord, J. Mustard, J. Nettles, N. 
Petro, C. Runyon, M. Staid, J. Sunshine, L. A. Taylor, K. Thaisen, S. Tompkins, 
and J. Whitten (2011), Mg-spinel lithology: A new rock type on the lunar farside, J 
Geophys Res-Planet, 116. 
     
Determining Diamond Potential through a Statistical Analysis of 
Kimberlitic Ilmenites from the Siberian Craton 
 The last chapter in this dissertation was initiated late in my studies as a 
result of changes in national funding toward NASA and planetary science, 
assignments on the Moon Mineralogy Mapper team, and the benefit of a 
terrestrial-based project to fill-out well-rounded research for my dissertation.  The 
project was the natural continuation of work that Dr. Lawrence Taylor has been a 
part of since early in his career, and offered the opportunity to initiate a new 
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program of study between the University of Tennessee, Knoxville, and the V.S. 
Sobolev Institute of Geology and Mineralogy in Akedemgorodok, Novosibirsk, 
Russia.  Some studies that have explored the major- and minor- elemental 
abundances of ilmenite have suggested that the usefulness of ilmenites in 
diamond exploration is limited.  However, this present study suggests that there 
is a strong correlation between ilmenite trace-element abundances and the 
presence or absence of diamonds in kimberlites of Yakutia (northern Siberia).  
This work provides a method that may be applied to ilmenites to assist in 











 A version of this chapter was originally published by Kevin G. Thaisen and 
Lawrence A. Taylor: 
 Kevin G. Thaisen and Lawrence A. Taylor, Meteorite fusion crust 
variability, Meteoritics & Planetary Science 44 (2009), 871-878.  
doi: 10.1111/j.1945-5100.2009.tb00774.x 
 
All work for this manuscript was performed by the lead author under the 
guidance of Dr. Lawrence Taylor.  Several drafts of the manuscript were revised 
between the lead author and Dr. Taylor who made suggestions on presentation 
and writing styles, and figure development.  The article was then submitted to 
Meteoritics & Planetary Sciences where it was then reviewed by Edwin Gnos, 
Abhijit Basu, and an unknown reviewer.  The reviewers suggested changes in 
style, word usage, additional references, and figures; which were addressed by 
the lead author and resubmitted for publication.  Additional formatting changes 




 Two assumptions commonly employed in meteorite interpretation are that 
fusion-crust compositions represent the bulk-rock chemistry of the interior 
meteorite and that the vesicles within the fusion crust result from the release of 
implanted solar-wind volatiles.  Electron microprobe analyses of thin-sections 
7 
 
from lunar meteorite Miller Range 05035 and eucrite Bates Nunataks 00300 were 
performed to determine if the chemical compositions of the fusion crust varied 
and/or represented the published bulk-rock composition.   
 It was determined that fusion-crust compositions are significantly 
influenced by the incorporation of fragments from the substrate, and by the 
composition and grain-size of those minerals. Because of compositional 
heterogeneities throughout the meteorite, one cannot assume that fusion-crust 
composition represents the bulk-rock composition.  If the compositional variability 
within the fusion crust and mineralogical differences among thin-sections goes 
unnoticed, then the perceived composition and petrogenetic models of formation 
will be incorrect.   
 The formation of vesicles within these fusion crusts was also compared to 
current theories attributing vesicles to a solar-wind origin.  Previous work from 
the STONE-5 experiment produced a vesicular fusion crust without prolonged 
exposure to solar-wind suggesting that the high temperatures experienced by a 
meteorite during passage through the Earth’s atmosphere are sufficient to cause 
boiling of the melt.  Therefore, the assumption that all vesicles found within a 
fusion crust are due to the release of implanted volatiles of solar-wind may not be 






 Meteorites are rocks that have traveled through space and survived the 
descent through the atmosphere to land on the surface of the Earth [Norton 
2002; Papike 1998].  They come in a wide variety of types and compositions and 
are the only physical samples that we have from the asteroid belt, Mars, and in 
many cases, unexplored locations of the Moon.  Despite these differences, many 
studies make the same assumptions when characterizing and cataloging 
meteorites.  We have explored two of these prevalent assumptions that may yield 
flawed interpretations: 1) fusion-crust compositions represent the bulk-rock 
chemistry of the interior meteorite and 2) the vesicles within the fusion crust 
result from the release of implanted solar-wind volatiles.   
 One of the unique features of terrestrial meteorites is the presence of a 
fusion crust (Fig. 1.1).  As a meteoroid passes through the atmosphere, frictional 
heating causes its outer surface to melt, and while in its liquid state, the molten 
material flows and is ablated from the surface of the meteorite.  In many cases, 
this melt is heated to high enough temperatures to vaporize portions of the melt, 
volatilizing elements/oxides from the melt of the minerals in the rock [Genge and 
Grady 1999, Brandstätter et al. 2008], thus forming vesicles of various sizes in 
the fusion-crust glass.  Different degrees of mixing occur as the melt begins to 
flow over the surface, resulting in flow banding of various colors and 
compositions.  Nevertheless, not all minerals are completely melted at the 





Figure 1.1 Back-Scattered Electron (BSE) images of MIL 05035, 40 (A) and 
BTN 00300, 26 (B) fusion crusts.  Abundant vesicles can be found within 
the fusion crust of each type of meteorite.  Heterogeneity of fusion crust 






melt.  Ultimately, the decreasing velocity of the meteorite results in the quenching 
of the melt film on the surface and the preservation of a fusion crust. 
Fusion crusts and vesicles  
 The ability to experimentally reproduce the conditions that a meteorite 
experiences as it passes through the atmosphere was accomplished by the 
STONE-5 experiment [Brandstätter et al., 2008], which mounted terrestrial rocks 
of a known origin, mineralogy, texture, and composition on the heat shield of a 
FOTON-M2 capsule.  The melting and destruction of the heat shield as it 
descended through the atmosphere influenced the fusion crust composition in 
some places through partial mixing, creating a heterogeneous diabase-silica 
melt.  Significant features recognized in the fusion crust of a dolerite (diabase) 
sample consisted of vesicles, inclusions of silica fibers from the heat shield, and 
chemical compositions ranging from silica-rich to basaltic.   
  Korotev [2005] stated that the formation of vesicular fusion crusts on 
meteorites of lunar regolith breccias resulted from the release of implanted solar 
wind.  Similar conclusions were drawn on a lunar mare basalt meteorite LaPaz 
Ice-field 02224 [Joy et al. 2006] and on two achondrites, Graves Nunataks 06128 
and 06129 [Zeigler et al. 2008], despite the differing compositions, textures, and 
rock types of these meteorites.  By disregarding the textural differences of the 
meteorites, their studies did not account for the ability of solar-wind to be retained 
at the surface of a crystalline rock or throughout a breccia.  In this study, the 
generation of fusion crust vesicles cannot be attributed to the implantation of 
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solar wind, but most likely resulted from the loss of volatile elements by 
evaporation and degassing as suggested by Genge and Grady [1999] for 
chondrites and achondrites.  Lunar breccias, on the other hand, are made up of 
grains which were exposed at the surface of the Moon and collected abundant 
solar-wind volatiles on their surfaces [Basu and Molinaroli, 2001] and although 
solar-wind implantation for a “gardened” lunar regolith breccia may be a 
reasonable contributor of vesicle-forming gases within a fusion crust, a fully 
crystalline rock would not retain any solar-wind in its interior.  The only solar-wind 
that may be present on the surface of such a meteorite would be in the outer 10-
20 nm.  Since the original surface of all meteorites is removed during the descent 
through the atmosphere, all solar-wind gases within the outer few tens of nm 
would be the first components to vaporize and would not be preserved as 
vesicles within the fusion crust.  Therefore, vesicles found within the fusion crusts 
of crystalline meteorites must form as a result of vaporization of the melt itself.  
This process is similar to the formation of Hi-Al, Si-Poor (HASP) glass that occurs 
in lunar soil, resulting through selective volatilization of elements and oxide 
components [Naney et al., 1976; Vaniman, 1990].   
Fusion crusts and bulk compositions 
 The bulk-chemical composition of a rock permits its classification and is an 
essential piece of data with which to construct its petrogenesis.  Although it is 
difficult to determine exactly where meteorites come from, many are believed to 
be from the asteroid belt in the solar system based on their chemical and 
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physical similarities.  Previously it was assumed that the bulk composition of a 
meteorite could be approximated from an analysis of its fusion crust and that the 
average of a few fusion-crust analyses represents the bulk composition of the 
meteorite [e.g., Korotev et al., 1996; Genge and Grady, 1999; Gnos et al., 2002; 
Day et al., 2006].  Although some cases show this can provide an acceptable 
approximation of the bulk-rock composition [Gnos, 2002; Genge and Grady, 
1999], other samples, even those combining several analyses, may not 
adequately represent the significant compositional variation within some fusion 
crusts, let alone the composition of the entire rock.  
 In order to explore this premise, the abundant fusion crust that is 
preserved on the lunar meteorite Miller Range (MIL) 05035, thin sections 6 and 
40, was analyzed with an electron microprobe (EMP) and compared to published 
bulk-rock compositions [Joy et al., 2007; Liu et al.,  2009].  These particular 
meteorite sections were chosen because they have significant fusion crust glass 
on their perimeters.   Additional analyses were performed on the thin fusion crust 
of the eucrite meteorite, Bates Nunataks (BTN) 00300, thin section 26, to 







 Polished thin-sections of lunar meteorite MIL 05035, 6 and 40, and BTN 
00300, 26, were examined and digitally mapped with a petrographic microscope, 
in both reflected and transmitted light, in order to identify mineral assemblages 
and their textural relationships.  Compositional analyses were performed with a 
Cameca SX-50 electron microprobe to determine the composition of the fusion 
crust and adjacent mineral substrate.  Compositional analyses were obtained 
with an accelerating potential of 15 keV, 10 nA beam, and a spot size of 5 m.  
To examine the relationship between mineral substrate and adjacent fusion-crust 
compositions, a series of transects at 10 um steps were performed.  Additional 
analyses were performed throughout the fusion crust to explore internal 
variability of the glass.  Table 1.1 contains selected analyses. 
   
 
Mineralogy and Petrology 
 Lunar meteorite MIL 05035 was a 142.2g unbrecciated, low-Ti mare basalt 
found during the 2005-2006 Antarctic Search for Meteorites (ANSMET) field 
season [Antarctic Meteorite Newsletter 2006].  Meteorite thin sections used in 
this study (6 and 40) consist of ~66 %, coarse clinopyroxene and ~29 % shocked 




Table 1.1 EMP data from selected fusion-crust analyses of MIL 05035 and 
BTN 00300.  For MIL 05035, Plag* (plagioclase), Pyx* (pyroxene), and Sym* 
(symplectite) indicate the substrate adjacent to the fusion-crust analysis. 
For BTN 00300, FC 1 represents selected analyses from traverse #1 within 







05035 Plag* Plag* Plag* Plag* Plag* Plag* Pyx* Pyx* 
P2O5 <0.03 0.04 0.09 0.06 <0.03 0.05 <0.03 <0.03 
SiO2 47.8 49.7 47.1 47.1 45.5 45.3 47.2 51.2 
SO2 <0.03 <0.03 <0.03 0.06 0.26 0.10 <0.03 <0.03 
TiO2 0.06 0.04 1.37 1.44 0.63 2.05 0.04 1.01 
Al2O3 31.1 30.9 6.64 11.2 25.1 13.7 32.3 1.97 
V2O3 0.07 <0.03 <0.03 0.04 0.05 <0.03 0.04 0.04 
Cr2O3 0.06 0.05 0.28 0.25 0.08 0.21 <0.03 0.46 
MgO <0.03 0.05 6.30 6.60 2.03 4.54 0.05 12.8 
CaO 17.1 16.6 11.6 12.5 15.4 12.2 17.8 10.6 
MnO <0.03 0.05 0.44 0.36 0.17 0.32 0.06 0.34 
FeO 1.02 0.86 24.8 18.2 9.16 18.7 0.69 22.4 
Na2O 1.49 1.65 0.28 0.30 0.43 0.34 1.35 0.05 
K2O 0.20 0.22 0.05 0.08 0.07 0.07 0.06 <0.03 
Total 98.9 100.2 99.0 98.2 98.9 97.6 99.6 100.9 
 
 
         
MIL 
05035 Pyx* Pyx* Pyx* Pyx* Sym* Sym* Sym* Sym* 
P2O5 <0.03 0.05 0.04 <0.03 0.03 0.04 0.04 0.04 
SiO2 50.5 46.0 45.4 45.5 45.3 47.0 46.0 45.8 
SO2 0.10 <0.03 0.06 <0.03 0.05 <0.03 0.13 0.11 
TiO2 0.93 2.48 2.53 0.87 0.67 0.57 0.59 0.82 
Al2O3 2.79 7.87 7.56 15.3 1.54 0.97 0.98 2.32 
V2O3 <0.03 <0.03 <0.03 <0.03 0.05 0.04 <0.03 0.05 
Cr2O3 0.64 0.36 0.30 0.05 0.08 0.06 0.08 0.07 
MgO 14.0 6.47 6.65 4.03 3.00 3.03 3.75 4.66 
CaO 10.7 11.2 11.5 13.1 7.61 7.63 8.14 9.00 
MnO 0.47 0.34 0.41 0.23 0.57 0.51 0.64 0.65 
FeO 19.7 24.2 24.6 18.9 40.5 39.6 39.8 35.5 
Na2O 0.08 0.23 0.21 0.43 0.06 0.05 0.10 0.15 
K2O <0.03 0.07 <0.03 0.06 0.05 <0.03 0.05 <0.03 








continued          
         
MIL 05035 Sym* Sym*  
BTN 
00300 FC 1 FC 1 FC 1 FC 1 
P2O5 0.03 0.05  P2O5 na na na na 
SiO2 45.7 45.9  SiO2 49.0 48.2 45.0 44.1 
SO2 0.09 <0.03  SO2 <0.03 0.05 <0.03 <0.03 
TiO2 1.76 1.82  TiO2 0.65 0.60 <0.03 <0.03 
Al2O3 7.18 7.40  Al2O3 11.7 12.7 34.7 34.5 
V2O3 <0.03 0.04  V2O3 na na na na 
Cr2O3 0.19 0.21  Cr2O3 0.12 0.16 <0.03 <0.03 
MgO 6.86 6.61  MgO 7.45 7.11 0.03 0.03 
CaO 11.5 11.4  CaO 9.32 9.37 17.8 18.1 
MnO 0.47 0.43  MnO 0.63 0.50 <0.03 <0.03 
FeO 23.8 24.1  FeO 19.8 18.8 0.21 0.18 
Na2O 0.22 0.21  Na2O 0.39 0.37 1.05 1.13 
K2O 0.07 0.06  K2O 0.04 0.03 0.08 0.05 
Total 97.9 98.2  Total 99.1 97.9 98.9 98.1 
         
         
BTN 00300 FC 2 FC 2 FC 2 FC 2 FC 3 FC 3 FC 3 FC 3 
P2O5 na na na na na na na na 
SiO2 47.1 48.2 46.4 45.6 47.6 47.3 48.9 49.3 
SO2 0.05 0.08 <0.03 <0.03 <0.03 <0.03 <0.03 0.32 
TiO2 0.68 0.70 0.37 <0.03 0.70 0.63 0.35 0.32 
Al2O3 10.9 11.4 20.1 34.7 10.8 10.6 0.26 0.37 
V2O3 na na na na na na na na 
Cr2O3 0.19 0.21 0.13 <0.03 0.20 0.13 0.15 0.18 
MgO 7.26 6.96 5.70 0.05 7.23 7.49 12.0 11.6 
CaO 9.76 9.83 10.9 18.0 9.55 9.06 3.24 2.83 
MnO 0.62 0.61 0.47 <0.03 0.61 0.65 0.98 0.97 
FeO 20.6 19.5 15.2 0.33 20.4 20.9 33.1 33.7 
Na2O 0.39 0.42 0.54 1.16 0.41 0.38 <0.03 <0.03 
K2O 0.03 <0.03 <0.03 0.06 <0.03 0.03 0.04 <0.03 
Total 97.6 97.9 99.8 99.9 97.5 97.2 99.0 99.6 
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minerals such as fayalite, troilite, and ulvöspinel, which are intergrown with 
ilmenite, and tridymite; b) Fe-rich pyroxene assemblages that include symplectic 
intergrowths of olivine, tridymite, and ferroaugite; and c) mesostasis composed of 
K-rich glass, fayalitic olivine, merrillite, baddeleyite, and tridymite [Liu et al., 
2007].   
  The fractured nature of the pyroxenes and the transformation of the 
plagioclase crystals into maskelynite are indicative of shock-pressure [French 
1998], most likely experienced during excavation of this rock from the lunar 
surface.  Within MIL 05035, anhedral clinopyroxene grains range from 3-8 mm in 
size, have a composition of Wo11-43 En2-44 [Arai et al. 2007; Joy et al. 2007, Liu et 
al. 2007], and typically exhibit twinning and exsolution lamellae.  The subhedral 
maskelynite grains, (up to 1.5 mm long), show compositional zoning that ranges 
from An95-76 [Arai et al. 2007, Joy et al. 2007, Liu et al. 2007].  Some crystals 
along the external surface, adjacent to the fusion crust, have partially crystallized 
as fine-grained, feathery plagioclase dendrites.  The opaque assemblages are 
made up of ilmenite, ulvöspinel, and troilite, with one large ilmenite and one large 
ulvöspinel comprising the bulk of the opaques in 05035, 40.  The areas with a 
symplectic texture contain small crystals (~5-10 µm) of anhedral SiO2, fayalite, 
and pyroxene (Wo40 En9).  Samples 05035, 6 is approximately 1.0 cm x 1.5 cm 
and 05035, 40 is approximately 0.9 cm x 0.9 cm in size.  The fusion crust is 
highly vesicular and varies in thickness from <0.1 mm to ~0.6 mm, and covers 
about 16 % and greater than 50 % of their respective perimeters. 
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 Eucrite BTN 00300 was a 124.6g unbrecciated basaltic achondrite of the 
eucrite group found by ANSMET in 2000 [Antarctic Meteorite Newsletter 2001].   
Primarily, it is composed of fine-grained (average grain size of ~20 µm) anhedral 
to subhedral pyroxene (Wo7-35 En37-44) and plagioclase (An87Or0.5) [Meteoritical 
Bulletin, http://tin.er.usgs.gov/meteor/metbull.php?code=4958].  The plagioclase 
in this sample has not undergone sufficient shock to transform it to maskelynite.  
Thin-section 26 is approximately 1.5 cm long x 0.7 cm wide and has a fusion 
crust that varies in thickness from approximately 0.05 mm to 0.2 mm and 
contains varying amounts of vesicles along 50 % of its perimeter.  Crystal 




   Lunar meteorite MIL 05035, 40 has a preserved fusion crust over half of 
its outer surface, and contains an area where this crust is up to 0.6 mm thick.  
The abundance of fusion crust in the analyzed thin-section has provided an 
excellent opportunity to examine the textural and compositional relationship of 
this glass to minerals that make up its substrate (considered to be the crystal 
adjacent to the fusion crust in the thin section).  Several traverses were 
performed (Table 1.1) from the mineral substrate to the outer edge of the fusion 





Figure 1.2  EMP traverses from plagioclase (left) and pyroxene (right) 
substrate into and across the adjacent fusion crust of MIL 05035.  Two 
different plagioclase traverses (left) have been included to indicate 
variability of the fusion crust adjacent to plagioclase. The fusion crust 
maintains a pyroxene-dominated composition.  Bulk-rock composition 







shocked maskelynite (plagioclase) and one from a coarse-grained pyroxene.  
The traverses through the fusion crust adjacent to the plagioclase indicated two 
trends: 1) the fusion-crust composition gradually transitions from a plagioclase to 
a pyroxene composition and 2) the fusion-crust composition rapidly transitions 
from a plagioclase to a pyroxene composition.  The fusion crust adjacent to the 
pyroxene-crystal substrate maintains a dominantly pyroxene composition, 
indicating no significant mixing has occurred.  Together these trends suggest that 
some compositional mixing occurs, but the fusion crust does not become 
homogenized, and the coarse-grained minerals can significantly influence fusion-
crust composition.  
In order to explore the connection between grain size and fusion-crust 
composition, we analyzed the fine-grained eucrite BTN 00300, 26, which has a 
thin fusion crust around ~50% of the outer surface of this thin-section.  We would 
expect that as grain size decreases, fusion-crust composition would become 
more homogeneous.  Three traverses from the mineral substrate through the 
fusion crust were performed at different locations to see if the same trends 
recognized in MIL 05035 could be seen in a fine-grained sample.  Since a bulk-
rock composition for this meteorite is currently unavailable, we were unable to 
compare the fusion-crust composition to that of the bulk-rock.  However, 
compositional variability is also observed within the fusion-crust of this meteorite 
(Fig. 1.3). Three distinct compositions exist, indicating that mixing has not 
occurred.   
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Figure 1.3  BTN 00300 fusion-crust (FC) analyses.  The three fusion-crust 
traverses indicate that composition does not change gradually with 
distance from the substrate and suggest that significant mixing has not 





To further explore the compositional variations within the fusion crust, 
Figure 1.4 is a plot of (FeO + MgO) (pyroxene components) versus Al2O3 
(plagioclase/maskelynite) for MIL 05035.   The fusion-crust compositions 
adjacent to plagioclase and pyroxene substrates range between these two end-
members, while compositions adjacent to symplectite significantly favor the 
pyroxene end-member.  The cluster of points near 7% Al2O3 and 31% (FeO + 
MgO) is not unusual in a sample that consists primarily of pyroxene.  These 
analyses suggest that mixing prior to quenching has occurred, but to different 
degrees.  Comparison between the average of 170 analyses taken throughout 
the fusion crust with the bulk-rock compositions of Joy et al. [2007] and Liu et al. 
[2009] are shown in Table 1.2.  Although it might suggest that this average 
satisfactorily represents the bulk-rock composition, significant implications must 
be addressed.  The average composition of the fusion crust of MIL 05035 is 
deficient in SiO2, MgO, SO2, and Cr2O3, and contains excessive FeO, TiO2, 
Al2O3, Na2O, MnO, and K2O, relative to the bulk-rock compositions.  If we use the 
average fusion-crust values and the compositions from Joy et al. [2007] and Liu 
et al. [2009], the bulk-rock has a Mg# = 40.2 and 37.8 respectively, and the 
averaged fusion-crust composition has an Mg# = 31.9, which would have 
significant ramifications for petrogenetic modeling.  This average should not be 
considered as a satisfactory representation of the bulk-rock due to the significant 
variance associated with the amounts of MgO and Al2O3 present.  But if it was 







Figure 1.4  EMP analyses of MIL 05035 indicating fusion-crust 
compositional variations versus the bulk-rock compositions from Joy et al. 
[2007] and Liu et al. [2009]. FC = fusion crust, Plag = plagioclase, Pyx = 
pyroxene, Sym = symplectite.  The cluster of points around 7% Al2O3 and 
31% (FeO + MgO) would be expected, since pyroxene is the most abundant 










Table 1.2 Comparison of the bulk-rock compositions of Joy et al. [2007], Liu 
et al. [2009] and the average of 170 EMP fusion-crust analyses from MIL 
05035.  * Joy et al. [2007] data were originally listed with a standard 
deviation of 2σ, but were modified here to maintain consistency; na = not 
analyzed. 
 
          Fusion-crust        Reconstructed            Bulk-rock 
 
This 
study 1σ error  Liu et al. 1σ error  Joy et al. 1σ error* 
SiO2 45.5 1.70  47.0 1.80  48.4 0.14 
TiO2 1.99 0.94  1.44 0.57  0.90 0.01 
Al2O3 9.61 7.94  9.26 0.29  8.85 0.04 
Cr2O3 0.30 0.28  0.33 0.07  0.30 0.01 
MgO 5.83 2.39  7.44 0.82  7.79 0.03 
CaO 11.9 2.16  11.8 0.40  12.1 0.10 
MnO 0.36 0.13  0.32 0.03  0.33 0.02 
FeO 22.5 8.05  22.0 1.90  20.7 0.10 
Na2O 0.32 0.35  0.26 0.03  0.21 0.01 
K2O 0.05 0.06  0.03 0.03  0.01 0.01 
P2O5 0.05 0.03  0.05 0.01  0.02 0.01 
SO2 0.05 0.05  0.11 0.05  na  
Total 98.5   100   99.3  
         






analyses would adequately sample the compositional variability of the fusion- 
crust and produce a similar result with the significant variability recognized in 
MgO and Al2O3?  
 This work demonstrates that the composition of the fusion crust varies 
with respect to the substrate mineralogy.  Mixing occurs, but is incapable of 
homogenizing the entire fusion crust, at least within the crust that remains.  It is 
entirely possible that the outermost portions of the melt, which were ablated 
away, may have had a more representative whole-rock composition; however, 
the fusion crust present is rather inhomogeneous in composition. 
 Several authors [e.g. Korotev et al., 1996; Gnos et al., 2002; Day et al., 
2006] have used the average of a few fusion-crust analyses to approximate the 
bulk composition of the meteorite.  Indeed, this may produce an acceptable 
compositional value depending on the accuracy that is needed.  However, 
considerable care should be taken in applying such principles.  As this present 
study has demonstrated, the compositional variability within the fusion crust of a 
single thin-section may not reflect the bulk rock from which it originated.  The 
incorporation of locally present, low-abundance constituents into the melt can 
produce anomalously high concentrations in the fusion crust; that is, variations 
due to partial mixing of the melt can bias analyses.  Gleason et al. [1997] 
recognized that small variations in data-sets had the potential to significantly 
affect geochemical models of Martian basalts.  Similar caution should be 
exercised when determining a “close enough” composition from any fusion-crust 
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and suggesting that it represents the bulk-rock composition.  The average of 
even high numbers of EMP analyses of a fusion crust may indicate an apparent 
high degree of precision, but whether or not those analyses accurately represent 
the bulk composition is another question.  It may be an interesting composition to 
have if nothing else is available, but caution should always to be applied with its 




 Through the examination of the preserved fusion crust in thin-sections 
from MIL 05035 and BTN 00300, we have observed that a fusion crust can have 
significant heterogeneity.  This confirms similar determinations by our group.  
Substrate compositions, fragments incorporated into the melt, and grain-size 
often have considerable influence over the adjacent fusion-crust composition.  
The mixing that has occurred before these melts quenched appears to have 
been incapable of homogenization, resulting in a variety of compositions 
throughout the fusion crust.  This study has demonstrated that the use of a few 
EMP fusion-crust analyses to determine the bulk-composition of a meteorite must 
be used with extreme caution.  A few fusion crust analyses which are averaged 
to approximate the bulk-rock composition may not adequately represent the 
variability of the fusion crust, let alone the entire meteorite.    
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 The composition, texture, and lithology of the meteorite are all significant 
influences on the retention capacity of solar-wind implanted volatiles.  Regolith 
breccias contain solar-wind volatiles throughout their interiors, but crystalline 
rocks will only retain those volatiles on the outer few tens of nanometers of their 
surfaces.  The rapid removal of surface material when a meteorite enters the 
Earth’s atmosphere will remove all solar-wind volatiles from the crystalline rock 
prior to the formation of a fusion crust.  Therefore, the vesicles which are present 
in the fusion crusts of crystalline rocks form as a result of volatilization of 
minerals and/or elements which make up the rock and are not the result of solar-
wind implantation.  Indeed, it is only the outer-most portion (millimeters) of the 
meteorite that is really raised to high temperatures raising the question of just 
how much does that escaping solar wind contribute to the bubbles in the fusion 
crust.  The bubble/vesicle-texture of lunar regolith breccia meteorites do not 










We would like to thank Edwin Gnos, Abhijit Basu, and an unnamed 
reviewer for their insightful comments, suggestions, and criticisms of this 
manuscript, which has significantly influenced and improved it.  We would also 
like to thank Aubrey Modi, Darren Schnare, and Yang Liu for their suggestions 
and improvements to the text.  Allan Patchen is gratefully acknowledged for his 
assistance with the electron microprobe analyses.  The research presented in 
this paper was supported by Cosmochemistry Grant NNG05GG03G (LAT) and 
the NASA-funded Tennessee Space Grant Consortium, through a scholarship to 





Antarctic Meteorite Newsletter 24 (2) (2001), JSC, Houston.  
 
Antarctic Meteorite Newsletter 29 (2) (2006), JSC, Houston. 
 
Arai, T., K. Misawa, and H. Kojima (2007), Lunar meteorite MIL 05035: Mare 
basalt paired with Asuka-881757 (abstract #1582). 38th Lunar and Planetary 
Science Conference. CD-ROM.  
 
Basu, A. and E. Molinaroli (2001), Sediments of the Moon and Earth as end-
members for comparative planetology. Earth, Moon and Planets 85-86: 25-43. 
 
Brandstätter F., A. Brack, P. Baglioni, C.S. Cockell, R. Demets, H.G.M. Edwards, 
G. Kurat, G.R. Osinski, J.M. Pillinger, C. Roten, and S. Sancisi-Frey (2008), 
Mineralogical alteration of artificial meteorites during atmospheric entry. The 
STONE-5 experiment. Planetary and Space Science 56:976-984. 
 
Day J.M.D., L.A. Taylor, C. Floss, A.D. Patchen, D.W. Schnare, and D.G. 
Pearson (2005), Comparative petrology, geochemistry, and petrogenesis of 
evolved, low-Ti lunar mare basalt meteorites from the LaPaz Icefield, Antarctica. 
Geochimica et Cosmochimica Acta 70:1581-1600. 
 
French B. M. (1998), Traces of Catastrophe: A Handbook of Shock-Metamorphic 
Effects in Terrestrial Meteorite Impact Structures. LPI Contribution No. 954, 
Lunar and Planetary Institute, Houston. pp. 1-120. 
 
Genge, M.J. and M.M. Grady, (1999), The fusion crusts of stony meteorites: 
Implications for the atmospheric reprocessing of extraterrestrial materials. 
Meteoritics & Planetary Science 34:341-356. 
 
Gleason J.D., D.A. Kring, D.H. Hill, and W.V. Biynton (1997), Petrography and 
bulk chemistry of Martian Iherzolite LEW88516. Geochimica et Cosmochimica 
Acta v.61 18:4007-4014. 
 
Gnos E., B. Hofmann, I.A. Franchi, A. Al-Kathiri, M. Hauser, and L. Moser (2002), 
Sayh al Uhaymir 094: A new martian meteorite from the Oman desert. 
Meteoritics & Planetary Science 37:835-854. 
 
Joy K.H., I.A. Crawford, S.S. Russell, and A.T. Kearsley (2006), A petrological 
mineralogical and chemical analysis of the lunar mare basalt meteorites LaPaz 




Joy, K.H., M. Anand, I.A. Crawford and S.S. Russell (2007), Petrography and 
bulk composition of Miller Range 05035: a new lunar VLT gabbro (abstract 
#1867). 38th Lunar and Planetary Science Conference. CD-ROM. 
 
Korotev R.L., B.L. Jolliff, and K.M. Rockow (1996), Lunar meteorite Queen 
Alexandra Range 93069 and the iron concentration of the lunar highlands 
surface. Meteoritics & Planetary Science 31:909-924. 
 
Korotev R.L. (2005), Lunar geochemistry as told by lunar meteorites. Chemie der 
Erde 65:297-346. 
 
Liu Y., E. Hill, A. Patchen, and L.A. Taylor (2007), New lunar meteorite MIL 
05035: Petrography and mineralogy (abstract #2103). 38th Lunar and Planetary 
Science Conference. CD-ROM. 
 
Liu Y., C. Floss, J.M.D. Day, E. Hill, and L.A. Taylor (2009). Petrogenesis of lunar 
mare basalt meteorite Miller Range 05035.  Meteoritics & Planetary Science 44, 
Nr 2, 261-284. 
 
Meteoritical Bulletin: Entry for Bates Nunataks 00300, accessed 05/11/08, 
http://tin.er.usgs.gov/meteor/metbull.php?code=4958. 
 
Naney M.T., D.M. Crowl, and J.J. Papike (1976), The Apollo 16 drill core: 
Statistical analysis of glass chemistry and the characterization of a high alumina-
silica poor (HASP) glass. Proceedings, 7th Lunar Science Conference, pp. 155-
184. 
 
Norton, O.R. (2002), The Cambridge encyclopedia of meteorites. Cambridge 
University Press, Cambridge. pp. 1-354. 
 
Papike, J.J. (1998), Planetary materials. Mineralogical Society of America, 
Washington. pp. 1-1 to 7-11. 
 
Vaniman D.T. (1990), Glass variants and multiple HASP trends in Apollo 14 
regolith breccias. Proceedings, 20th Lunar Science Conference, pp. 209-217. 
 
Zeigler, R.A., B.L. Joliff, R.L. Korotev, D. Rumble III, P.K. Carpenter, and A. 
Wang (2008), Petrology, geochemistry, and likely provenance of unique 
achondrite Graves Nunataks 06128 (abstract #2456). 39th Lunar and Planetary 





GEOLOGY OF THE MOSCOVIENSE BASIN 
32 
 
A version of this chapter was originally published by Kevin G Thaisen, 
James W. Head III, Lawrence A. Taylor, Georgiana Y. Kramer, Peter Isaacson, 
Jeff Nettles, Noah Petro, and Carle M. Pieters: 
 Kevin G Thaisen, James W. Head III, Lawrence A. Taylor, Georgiana Y. 
Kramer, Peter Isaacson, Jeff Nettles, Noah Petro, and Carle M. Pieters, Geology 
of the Moscoviense Basin, Journal of Geophysical Research, 116 (2011), 
E00G07 
 
All work for this manuscript was performed by the lead author under the 
guidance of Dr. Lawrence Taylor and Dr. James Head III.  Several drafts of the 
manuscript were revised between the lead author, Dr. Taylor, Dr. Head, Dr. Carle 
Pieters, Dr. Georgiana Kramer, Dr. Noah Petro, Dr. Jeff Nettles, and Dr. Peter 
Isaacson who made suggestions on presentation and writing styles, figure 
development, and content.  The article was then submitted to the Journal of 
Geophysical Research – Planets for inclusion in a Moon Mineralogy Mapper 
special edition.  The manuscript was reviewed by Paul Lucey who suggested 
small changes in style, word usage, and figures which were addressed by the 
lead author and resubmitted for publication.  Changes have been made to the 
abstract and a figure caption to address comments from my committee members.  
Minor reference corrections and formatting have been updated to reflect actual 







The Moscoviense Basin, on the northern portion of the lunar farside, 
displays topography with a partial peak-ring, in addition to rings that are offset to 
the southeast.  These rings do not follow the typical concentric ring spacing that 
is recognized with other basins, suggesting that they may have formed as a 
result of an oblique impact or perhaps, multiple impacts.   
[Addendum:  While the presence of off-set rings and a partial peak-ring 
suggests an oblique impact, the reported unusually high-gravity anomaly and thin 
crust within this basin are constraints that must also be addressed.  Therefore, 
we have reviewed the possibilities of multiple, individual impacts occurring at this 
sight.  This includes a scenario where nearly simultaneous impacts excavated a 
much deeper transient cavity than would normally be expected, impacts that 
could result in the formation of the basin, the thin crust, and the high-gravity 
anomaly.] 
In addition to the unusual ring spacing present, the Moscoviense Basin 
contains diverse mare basalt units covering the basin floor and a few highland 
mafic exposures within its rings.  New analysis of previously mapped mare units 
suggests that the oldest mare unit is the remnant of the impact melt sheet.  The 
Moscoviense Basin provides a glimpse into the lunar highlands terrain and an 







Scientific studies of the Moon, during and following the Apollo and Luna 
missions, have resulted in a general understanding of the origin and evolution of 
our nearest celestial neighbor [e.g., New Views of the Moon, 2006].  These 
studies resulted in the Moon becoming our standard paradigm for understanding 
early evolution and differentiation of the terrestrial planets [Taylor and McLennan, 
2009], and for understanding the surface processes which occur on airless 
bodies [Hiesinger and Head, 2006].  However, the surface of the farside of the 
Moon is significantly different than the nearside, as few basins on the farside 
have experienced the subsequent volcanism and infilling by mare volcanism, that 
is so typical of the nearside topography [Head, 1976].  Therefore, this part of the 
Moon may still contain abundant evidence of the original floatation-crust and 
secondary petrogenesis that resulted from developments associated with the 
Lunar Magma Ocean (LMO) [Smith, 1970; Wood, 1970; Warren, 1985].   Such 
events on the farside may have been exposed during the many basin-forming 
impacts; however, they may have not been subsequently covered by volcanism.  
As such, the Moscoviense Basin, on the northern region of the lunar farside may 
reveal details of the Feldspathic Highlands Terrane (FHT) [Jolliff, 2000].  
It is generally accepted that the Moon was largely molten to depths of 400-
500 km [Warren 1985] during its early evolution.  Upon cooling of this outer 
portion of the Moon, this LMO crystallized to form the early crust and upper 
mantle [Wood 1970].  Snyder & Taylor [1992] modeled the crystallization of this 
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LMO, beginning with the formation and settling of olivine, followed by 
orthopyroxene, which also experienced crystal settling.  As fractional 
crystallization of the LMO proceeded, the pyroxene composition became 
increasingly calcic, and olivine crystallization ceased.  These minerals settled to 
form bottom-up layering of the upper mantle, in a fashion similar to layered-
igneous intrusions on Earth (e.g., Stillwater Complex, Duluth Gabbro Complex, 
and Skaergaard Intrusion).  After approximately 65-70% of the magma ocean 
had crystallized, plagioclase came on the liquidus and began to form from the 
remaining melt. The lower density of the plagioclase crystals, relative to the more 
Fe-rich residual melt, resulted in the plagioclase being buoyant and floating 
towards the surface of the LMO, where it coalesced to form the Feldspar 
“rockbergs” in the upper-most portions of the crust [Wood 1970].  These initial 
flotations of plagioclase, with their minor amounts of pyroxene, formed the 
Ferroan Anorthosite (FAN) lunar crust.  As the remaining plagioclase continued 
to form, the resulting melt became increasingly enriched in incompatible 
elements, such as potassium (K), rare-earth elements (REE), and phosphorous 
(P) (KREEP), a late-stage incompatible-rich lithology termed urKREEP by 
Warren [1985].  The high concentrations of uranium (U) and thorium (Th) in this 
KREEP provided a large portion of the heat-budget for subsequent magmatism 
within this primary LMO highland crust. 
 Intrusive magmatism into the upper mantle-FAN highland boundary began 
as early as 30 Ma after the initial birth of the Moon [Shearer and Newsom, 2000; 
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Shearer, 2006], and extended up to 200 Ma [Solomon and Longhi, 1977] after 
the magma ocean phase neared its end.  This was probably triggered by the heat 
from the U-Th rich KREEP, with intrusions of highly feldspathic magma melting, 
assimilating, and replacing some of the FANs with high-magnesium suite rocks.  
That period was closely followed by more Fe-enriched gabbo-norite rocks and 
more alkali-rich lithologies, which repeated the processes of intrusion, melting, 
assimilation, and replacement of the FAN and high-magnesium crust.  It is this 
complex geometry of the primitive highland crust of FANs with its intergrown 
arrays of Hi-Mg Suite rocks, gabbro-norites, and alkali gabbros that remains to 
be studied at the surface.  Fortunately, the generation of large impact basins into 
the farside terrain provides a means of exposing these subsurface relationships 
in a way that can be studied with orbiting platforms, such as the Moon 
Mineralogy Mapper (M3) onboard India’s Chandrayaan-1 mission.   
Large multi-ring basins form as a result of the largest impacts.  According 
to the model of basin formation proposed by Head [2010], three concentric rings 
form as a result of collapse of the displaced zone into the transient cavity and 
rebound of the floor.  As the floor rebounds and the displaced-zone collapses into 
the cavity, the edges of the melt cavity are rotated and elevated above the basin 
floor to create the peak-ring.  The main-ring is formed from the edge of the 
transient cavity as it is rotated and moved slightly inward as the displaced-zone 
collapses and rotates.  The outer-ring is the scarp that forms at the outer-edge of 
the displaced-zone, when it collapses.  The M3 data can be used to explore the 
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exposed cross-section of the crust and determine the petrologic nature of the 
second stage of magmatic activity that was active in the FHT [Jolliff, 2000].   
Studies of the Moscoviense Basin have identified several unusual features for a 
farside basin.  It is one of the few farside basins that has abundant mare deposits 
[Head, 1974],  is reported as having the thinnest crust on the entire Moon 
[Ishihara et al., 2009], and is reported as having an abnormally large gravity 
anomaly [Namiki et al., 2008] for a basin this size.  These characteristics suggest 
that secondary magmatic processes may have been atypically active and 
significant in this area and could be exposed in the basin.  In order to understand 
this interesting area, we will explore these characteristics, the effect of re-
interpretations of previously identified units and present new observations of the 
Moscoviense Basin.  
 
 
New Missions and Data 
The Moon Mineralogy Mapper (M3) is a NASA-funded, reflectance 
spectrometer that flew onboard the Indian Chandrayaan-1 spacecraft [Goswami 
and Annadurai, 2008].  It collected data in the global-mapping mode with a 
spatial resolution of ~140 to 280 meters/pixel, across an ~40 to 80 kilometer 
swath, depending on the orbiter's altitude above the surface.  Spectral data were 
collected across 85 channels between 460-2980 nm at a resolution of 20 nm 
(from 750-1550 nm) and 40 nm (from 460-700 nm and 1580-2980 nm).  Spectral 
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smoothing was applied to all spectra [Clark et al., 2011].  However, no thermal 
removal or photometry corrections have been applied, and values of spectra 
beyond the 2200 nm and their influence on the 2000 nm feature must be taken 
into consideration.  See Boardman et al., [2011], Green et al., [2011], and Clark 
et al., [2011] for M3 data acquisition, calibration, and processing details.   
 The Lunar Orbiter Laser Altimeter (LOLA) onboard the Lunar 
Reconnaissance Orbiter collects surface elevation and local slope information 
along and across track [Smith et al., 2010].  That information is used to generate 
a digital elevation model (DEM) of the lunar surface [Smith et al., 2010].  All M3 
imagery in this study has been referenced to the LOLA DEM, with a resolution of 
64 pixels per degree.  High-resolution images from the Kaguya spacecraft 
Terrain Camera [Haruyama et al., 2009] have also been used to distinguish 




Moscoviense Basin is a multi-ringed impact basin located in the northern 
hemisphere on the farside of the Moon at 27° N, 148° E (Fig.2.1).  It occurs in the 
FHT [Jolliff, 2000] and presents a cross-section into the original highlands crust.  
The basin was first identified as a large region of dark mare in images returned 
from the Luna 3 spacecraft launched in 1959 by the U.S.S.R.  Subsequent 






Figure 2.1  Lunar Orbiter Laser Altimetry data of the farside of the Moon 
centered on the Moscoviense Basin and illustrating its proximity to 
Mendeleev and Freundlich-Sharonov Basins.  Orthographic projection 






with a basin containing the mare, and the basin adopted the name of the mare; 
however, it has not been officially recognized by the International Astronomical 
Union according to the Gazetteer of Planetary Nomenclature.   
 Basin characteristics 
The Moscoviense basin is classified as Nectarian in age, having formed 
3.85-3.92 Ga [Wilhelms, 1987], based on superposition relationships and crater-  
counting techniques.  The features of the basin have experienced a significant 
number of impacts since its initial formation and have subsequently been 
degraded over time.  Past studies have suggested that the basin contains as 
many as five rings located at 140, 220, 300, 420, and 630 km [Pike and Spudis, 
1987].  Wood and Head [1976] identified three rings at 205, 410, and 700 km; 
and Wilhelms [1987] identified only two rings at 210 and 445 km and suggested 
the possibility of a third ring.  We have identified three (3) distinct rings using 
LOLA topographic data; an inner peak-ring, a middle-ring, and an outer-ring that 
are 185, 430, and 650 km in diameter, respectively.  The floor of the basin is 
about 7 km deep relative to the crest of the outer rim.  Although the floor of the 
basin is elongated, the middle-ring is nearly circular and has a length to width 
ratio of 1.06:1 (NE-SW:NW-SE).  Most basins have generally concentric rings 
that are found at ~20.5 x D spacings (where D = diameter of the adjacent interior 
ring) [Chadderton et al., 1969; Pike and Spudis, 1987].  However, the geographic 
centers of the peak-ring and the main-ring of the Moscoviense Basin are offset 
along a line to the southwest, ~90 and ~60 km, respectively, relative to the center 
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of the outer-ring, as illustrated in Figure 2.2.  The inner peak-ring is represented 
by a continuous half-ring of ~185 km diameter that is open to the northeast.  As 
can be seen from the topographic profiles in Figure 2.2, the half-ring is typically 
20-25 km across and elevated ~2-3.5 km above the present basin floor; at its 
ends, it grades into lower massifs that become embayed by mare and are no 
longer exposed at the surface or are absent.  The inside scarps of the existing 
peak-ring typically slope toward the center of the basin at angles at 10-25° and 
rarely exceed 35°.  Surrounding the outside of the exposed inner peak-ring is a 
nearly continuous platform that extends slightly beyond the peak-ring to the north 
and east and is elevated nearly a kilometer above the mare-filled basin floor.   
According to the identification of basin rings in the Orientale Basin by 
Head [1974], the middle-ring represents the approximate location of the original 
crater rim.  The middle-ring of Moscoviense Basin is a nearly continuous ring of 
massifs with a diameter of approximately 430 km, which agrees well with the 
diameter of the main-ring as identified by Wilhelms [1987], Wood and Head 
[1976], and one of the rings identified by Pike and Spudis [1987].  The elevation 
of the middle-ring crest is variable, but is typically 6-7 km above the mare that 
covers the basin floor.  Between the middle-ring and outer-ring, several distinct 
terraces can be found that correlate well with the elevation of the middle-ring 
(Fig. 2.3).  These terraces are not continuous, but if connected, they form an 




Figure 2.2  Mosaic of M3 imagery (band 84 at 2976.2 nm) referenced to a 
Lunar Orbiter Laser Altimetry digital elevation model illustrating the 
location of the basin rings, the basin ring centers, mare/melt units, the 
location of mafic exposures (numbered for reference), and topographic 
profiles and their locations (dashed lines). White unit (Iltm) – Imbrian low-
titanium mare basalt, Green unit (Ehtm) – Eratosthenian high-titanium mare 
basalt, Red unit (Im) – Imbrian low-titanium mare basalt (possible impact 
melt), Blue indicates remote mare that do not appear to be associated with 













Figure 2.3  Oblique Lunar Orbiter Laser Altimeter digital elevation model of 
the Moscoviense basin; displayed at 5x vertical exaggeration.  The highest 
elevations are to the southwest.  Arrows indicate the location of large 
blocks that may represent the remains of a partial or previous ring between 
the middle- and outer- rings.  Inset indicates the location of profile C – C’.  





The outer-ring of the basin is a discontinuous ring that is particularly 
disturbed to the east-southeast.  This scarp has a diameter of approximately 650 
km, and when compared to the rings of the Orientale Basin as described by  
Head [1974], this ring corresponds with the outer-ring that formed in the late-
stages of basin formation, as the crust collapsed into the newly formed crater.  
The surrounding rim is generally higher to the west and south, with 
corresponding steeper slopes into the basin than to the north and east; where 
there are lower rims, typically gentler slopes, and distinct slump blocks that can 
be seen in Figure 2.3. 
Mare 
Much of the floor of the Moscoviense Basin has been filled by mare 
basalts of varying compositions [e.g., Gillis, 1998; Craddock et al., 1997; Kramer 
et al., 2008; Haruyama et al., 2009; Morota et al., 2009].  They form an 
approximately rectangular depression that trends southwest to northeast 
(Fig.2.2).  The naming convention of these units follows that used by Kramer et 
al. [2008].  The units have been identified as an Imbrium-age low-Fe, low-Ti mare 
(Im), which lies primarily in the south; an Imbrium-age low-Ti mare (Iltm) that lies 
in the northwest and overlies the Im; an Imbrium-age high-Ti mare (Ihtm) that is 
located to the east, and an Imbrium-age mare associated with the Komarov 
crater (Ikm).  The ages of these flows were re-calculated using crater-counting 
techniques by Morota et al. [2009].  Unit Im was dated at 3.9 Ga, unit Iltm was 
dated at 3.5 Ga, unit Ikm was dated as 3.3 – 3.5 Ga, and unit Ihtm was dated at 
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2.6 Ga, and thus placed within the Eratosthenian system.  Morota et al. [2009] 
appropriately renamed the unit Ehtm to reflect the younger age.  Both Kramer et 
al. [2008] and Morota et al. [2009] suggested that Ikm is compositionally similar 
enough to Iltm that they could be a single contemporaneous unit.  However, our 
analysis is precluded because the unit Ikm was not mapped by M3.  Two other  
locations outside of the basin that contain mare have been identified in Figure 
2.2; however, these maria do not appear to be related to any basin structures. 
Since the location of the Moscoviense Basin is well within the FHT [Jolliff 
et al., 2000], it is reasonable to assume that this area would have some of the 
thickest crust on the Moon.  However, a recent study by Ishihara et al. [2009], 
using data from the Japanese Mission, Kaguya, suggested that the crust 
immediately below the Moscoviense Basin is actually the thinnest on the entire 
Moon.  They suggested that the basin most likely had a thick pre-impact crust, 
but the impact resulted in an anomalously large mantle uplift [Namiki et al., 2008] 
for a basin of this size, indicating that this area may have already been atypical 
prior to the impact event. 
Significant craters 
 There are two significant craters that are associated with the mare within 
the basin, the Titov and Komarov craters (Fig. 2.4).  Titov is a ~30 km diameter 
crater in the northeast that is surrounded by units Im and Ehtm, but lies outside 
of M3 coverage.  Surrounding the craters, unit Im appears to be made up of 





Figure 2.4  Kaguya image of Mare Moscoviense indicating the locations of 
wrinkle ridges, a rille, and the Titov and Kormarov craters. White box 




crater is a ~80 km diameter crater that has partially obscured a smaller ~50 km 
crater on the eastern edge of the basin floor.  The floor of Komarov is highly 
fractured and was mapped as a separate mare unit (Ikm) by Gillis [1998] and 
Kramer et al. [2008].  However, Morota et al. [2009] considered Ikm and Iltm to 
be parts of the same unit based on their similar ages and Clementine spectral 
signatures.  Unfortunately M3 has only limited coverage of the eastern edge of 
Kormarov crater that is outside of the mare deposit. 
Sinuous rilles, linear rilles, and wrinkle ridges 
 Gillis [1996] reported sinuous rilles and other volcanic edifices in and 
around the basin, using Clementine images.  However, these features are not 
apparent in the M3 or Kaguya imagery and the observations using the higher-
resolution and optimally lit Kaguya terrain camera do not support all of the 
identifications made with lower-resolution data.  As can be seen in Figure 2.4, 
wrinkle ridges have formed on the basin floor parallel to the northeast scarp, 
perpendicular to the length of the mare near its midpoint, as well as along an arc 
in the west-southwest area of mare; these are all indicative of subsidence and 
contraction of the basin floor.   In Figure 2.4, a single linear rille can be seen 
along the eastern-mare edge that appears to be extending along a line from the 
peak-ring, which also indicates subsidence of the basin floor.  Unlike the 
subsidence that we see associated with the mare on the basin floor, the floor 
fractures of Kormarov appear to represent an uplift of the floor [Stuart-Alexander 
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1978] in that location; this may be associated with emplacement of a magma 
chamber below that area of the basin.  
Swirls 
Located in the western part of Mare Moscoviense are light-toned swirls that 
extend for several tens of kilometers, as can be seen in Figure 2.5.  These swirls 
take on linear, jagged, or curvilinear appearance and are expressed as albedo 
differences on the surface and correlate with the location of wrinkle ridges.  Lunar 
swirls have been also identified with magnetic fields antipodal to impact basins 
on the nearside [Wilhelms, 1987; Richmond, 2005].  While the mechanism that 
forms swirls is under debate, possible explanations range from magnetic fields 
influencing space weathering processes [Kramer et al., 2011] to electrostatic 
forces transporting dust [Garrick-Bethell et al., 2010].   
  
 
Basin ring formation 
 
Two competing models of basin-ring formation that will be discussed here 
are:  1)  the hydrodynamic theory of ring formation proposed by R. B. Baldwin, 
and further developed by several other researchers [e.g., Melosh, 1989; Collins 
et al., 2002; and Morgan et al., 2000]; and 2) the nested melt-cavity model of 
Head [2010], which builds upon earlier works by Greive and Cintala [e.g. Grieve 






Figure 2.5  Subimage from M3 image M3G20090528T130108 highlighting 
swirls within western Mare Moscoviense.  See Figure 2.4 for location of 
image.  RGB image where R=700 nm, G=500 nm, B=460 nm with a 2% linear 




models for the Moscoviense Basin will be explored within the context of 
previously published and newly acquired data. 
The first model considers basin rings to represent an impact-driven wave 
mechanism that was primarily surficial.  Coinciding with the excavation of the 
impact and immediately following it, rebound and collapse of the floor begins 
generating tsunami-like waves that propagate outward and freeze [Baldwin, 
1972], preserving the ring structures associated with multi-ringed basins.  The 
development of a peak-ring is proposed to result from the outer edges of the 
base of a rebounding fluidized-central-peak solidifying, while the rebounding 
interior portions remained in a fluid, or fluid-like, state, and continued to collapse.  
Potential strengths of this model, noted by Spudis [1993], are the evidence for 
oscillatory uplift at terrestrial impact craters, and that this theory possibly explains 
the (20.5D) ring-spacing observed in multi-ringed basins by Chadderton et al. 
[1969] and Pike and Spudis [1987].  Potential weaknesses, also suggested by 
Spudis [1993], are that the physical plausibility of the scenario is uncertain, and 
there is evidence for deep structures associated with basin rings.  Since the 
formation of the peak-ring is a direct consequence of the rebounding floor in this 
model; complete circular peak-rings should be associated with all large basins.  
The partial peak-ring in Moscoviense Basin would suggest that this model may 
not adequately characterize peak-ring development.  The Moscoviense Basin 
also does not possess concentric rings with 20.5D ring-spacing that would 
develop as a natural consequence of the surficial impact-driven wave 
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mechanism.  This model does not appear to explain the features seen within this 
basin.   
The nested melt-cavity model proposes that rings form as a result of the 
interaction between the transient cavity, the displaced zone, and the melt cavity, 
all generated during complex crater and basin formation.  Cintala and Grieve 
[1998] suggested that as the transient-crater-size increases, the percentage of 
target-rock being melted at the sub-impact point will also increase.  As it does, 
the nature of the transient cavity and its relationship to the displaced zone, and 
its subsequent collapse, are fundamentally changed.  Head [2010] described that 
in the short term, modification is dominated by the strength differences that exist 
between the fluid melt of the inner cavity and the highly shocked, but solid rocks 
that exist within the displaced zone at the outer margin of the melt cavity, as 
described by Cintala and Grieve [1998].  Head [2010] proposed that the rocks 
that make up the transitional zone between the melt-cavity and the displaced-
zone rebound, moving up and laterally inward due to the crustal response to the 
transient cavity.  This movement displaces the fluid of the melt-cavity and 
generates a peak-ring.  If the transient melt-cavity becomes large enough to 
penetrate the base of the displaced zone, listric faulting into the basin will 
propagate along the base of the displaced zone; this results in a slight movement 
inward of the transient cavity, which slightly displaces the main-ring and causes 
the development of an additional outer-ring and mega-terrace at ~1.5 crater radii 
[Head 2010].  The formation of three concentric rings is not inherently required by 
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the Head [2010] model.  This is because ring formation is a function of both the 
collapse of the transient cavity and the size of the melt cavity, both of which could 
be influenced by the impact angle [Cintala and Grieve, 1998].  This suggests that 
an elongated- or elliptical-shaped transient cavity and/or melt-cavity may result in 
offset and partial rings, due to differences in the transient crater-wall slopes and 
the subsequent faulting during the basin-modification stage.   In addition to being 
able to explain the offset ring configuration and the partial peak-ring, this model 
also addresses the crustal thinning that is recognized within the Moscoviense 
Basin.    
The Moscoviense Basin has an unusual shape and ring distribution.  The 
variability among the size, shape, number of rings, and ring-spacing of basins on 
the Moon has been well documented [e.g. Chadderton et al., 1969; Hartmann 
and Wood, 1971; Wood and Head, 1976; Wilhelms, 1987; Pike and Spudis, 
1987; Melosh, 1989; Spudis, 1994; Wieczorek and Phillips, 1999].  However, 
these basins can generally be said to possess concentric rings with a ring 
spacing of 20.5D [Chadderton et al., 1969; Pike and Spudis, 1987].  The rings of 
the Moscoviense Basin are significantly off-set to the southwest, and there are 
two potential scenarios that could account for this unusual configuration: 1) an 
oblique impact, or 2) multiple impacts at this location.  
Oblique impact 
 Experimental studies of oblique impacts by Gault and Wedekind [1978] 
have demonstrated that they can result in elongate non-circular depressions with 
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discontinuous ejecta patterns that become highly asymmetric.  Schultz [1992] 
also recognized discontinuous ejecta patterns and partial peak-rings that are 
offset up-range and open in the down-range direction of Venusian craters formed 
from oblique impacts.  Work by Cintala and Grieve [1998] suggested that impact 
angle would influence the downrange motion of the impact melt; this would 
produce an offset in the center of the rebound.  Gault and Wedekind [1978] 
observed that the cross-sectional profiles of experimental oblique impacts 
change with impact angle in the along-trajectory direction.  The geometry of the 
resulting craters generally tends to produce steeper slopes and lower rims in the 
up-range direction, and more-shallow extended slopes with higher rims in the 
down-range direction.  The Moscoviense basin has just such a profile if viewed 
from the southwest to northeast, as can be seen in Fig. 2.3.  The basin 
possesses a discontinuous ejecta blanket to the north and east, as mapped by 
Wilhelms and El-Baz [1977] and Stuart-Alexander [1978].  The primary 
differences between the experimental work of Gault and Wedekind [1978] and 
the features of the Moscoviense basin (other than scale and composition) are 
that the actual rim heights are higher to the southwest and lower to the northeast, 
the opposite of what would be predicted by their experiments.  Also, their 
experimental work did not result in the formation of multiple rings.   
The higher rim to the southwest may be due to the addition of ejecta from 
the Mendeleev basin, which lies south of the Moscoviense basin (Fig. 2.1), 
and/or a combination of small localized impacts on the outer rim that have raised 
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the local topography in this area.  Since the formation of multiple rings could not 
be addressed at the scales and with the materials that Gault and Wedeking 
[1978] used in their study, it is unclear from their work whether the half-ring, 
which represents the peak-ring, or the offset nature of the ring system, is a 
function of impact angle.  However, the work by Schultz [1992] on oblique 
impacts did recognize partial peak-rings that are offset up-range and open in the 
downrange direction, with discontinuous ejecta blankets surrounding the crater.  
These features are all recognized in the Moscoviense basin and suggest that 
Moscoviense may be the result of an oblique impact. 
Multiple impacts 
 Another possibility that was suggested by Wilhelms [1987] is that the 
Moscoviense basin and its unusual ring configuration is the result of multiple 
impacts closely connected in time.  This scenario could result from binary 
asteroids impacting the surface nearly simultaneously or from a fragmented 
object; such an occurrence was dramatically observed when comet Shoemaker-
Levy 9 broke-up and impacted Jupiter [Hammel et al., 1995].  The displacement 
of the ring-centers along a linear trend to the southwest may indicate pre-existing 
structural constraints that developed due to a prior impact event [Wilhelms, 1987] 
or possibly through the combination of two near-simultaneous impacts.  A 
difficultly in determining if multiple impacts were involved in the formation of the 
Moscoviense basin lies in that the more recent impact would tend to erase many 
of the surface signatures of previous impact events of equal or lesser magnitude.  
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However, if the more recent impact was smaller and formed within a larger, older 
basin, features of each basin may be preserved, such as the outer-ring of an 
older/larger basin and the inner-rings of a smaller/younger basin.  At least three 
distinct and separate slump-blocks exist between the main and outer-rings of the 
northern half of Moscoviense basin (see Fig. 2.3).  These slump-blocks may 
represent the remnants of a pre-existing ring within the current basin.  In the 
event that the initial impact masses were comparable in size and struck the Moon 
offset from one another, a figure-8 to elliptical configuration of the middle-ring 
may develop as two overlapping craters are merged such as has been 
suggested for Humboldtianum Basin [Lucchitta, 1978].  Although the shape of the 
rings in Moscoviense appear to be circular, half of the peak-ring is either missing 
or has been embayed by mare and its shape cannot be confirmed. The roughly 
figure-8 shape of the basin floor may indicate the location where the floors of two 
basins overlap.  However, this scenario would most likely result in an elliptical-
shaped basin rather than one with offset circular rings as is demonstrated in Fig. 
2.6. 
Additional lines of evidence that may support the idea of multiple impacts 
at Moscoviense are the thin crust that has been suggested by Ishihara et al. 
[2009] and the increased gravity anomaly reported by Namiki et al. [2008].  
Basin-sized impacts result in the development of mass concentrations (mascons) 
due to mantle uplift [e.g. Wise and Yates, 1970; Neumann et al., 1996; and 






Figure 2.6  An idealized scenario where overlapping transient cavities of 
similar size generate a figure-8 ring configuration, similar to that suggested 
for the development of Humboldtianum Basin by Luchitta [1978].  Collapse 






[Solomon and Head, 1980].  If multiple separate basin-forming sized impacts 
occurred at the same location, it is possible to envision a scenario where 
separate episodes of mantle up-lift could result in a step-wise raising of the crust-
mantle boundary.  If, on the other hand, the response of the crust-mantle 
boundary is a direct result of the size and depth of the transient cavity, then a 
scenario where two impacts occur nearly simultaneously may result in 
significantly more material being removed and from a greater depth.  This 
scenario might proceed as follows and is illustrated in Figure 2.7:  1) The first 
bolide impacts into the surface and excavates a transient cavity.  2) Before the 
transient cavity begins to collapse, a second bolide impacts into the floor of the 
existing transient cavity and generates a second transient cavity within the first 
that penetrates deeper into the crust.  3) Since the second impact would define 
the final shape and depth of the combined transient cavity, offset rings or an 
elliptical ring configuration could result as the rim collapses into the basin and the 
floor rebounds.  The uplift of the crust-mantle boundary may be significantly 
greater than expected for a basin of the size of Moscoviense, due to its greater 
depth of excavation.  A multiple-impact scenario seems plausible, and can be 
used to explain the unusually high-gravity anomaly and thin-crust that has been 





Figure 2.7  Multiple-impact scenario with two near-simultaneous impacts.  
Top – transient cavity, displaced zone, and melt cavity develop from first 
impact event as described by Head [2010].  Middle – second impact 
excavates deeper into the crust before the first transient cavity collapses.  
Bottom – Collapse of the displaced zones from each of the impacts into the 
melt cavities and transient cavity of the second impact results in filling of 
the deepest part of the basin, while over-steepened walls collapse and form 
terraces in part of the basin, shallower slopes develop in the rest of the 
basin.  The deeper excavation and removal of overburden of the multiple 
impacts results in a greater response from the crust-mantle boundary than 




 Moscoviense Formation Scenario 
It is impossible to say exactly what the surface of the Moon was like prior 
to the creation of the Moscoviense basin.  The crust of the Moon had solidified 
and the impact flux in the early solar system had waned considerably [Hartmann, 
1965].  However, the proposed late-heavy bombardment [Tera et al., 1974] had 
recently begun (i.e., ~4.0 Ga) and significant basin-forming impacts were once 
again occurring on the Moon.  The 2500 km wide South Pole-Aitken basin 
[Spudis et al., 1994], also referred to as the big backside basin by Wilhelms 
[1987], had already formed resulting in a redistribution of crustal material across 
much of the lunar surface.  That single event is modeled to have covered the 
Moscoviense Basin area with one to two kilometers of ejecta [Petro and Pieters, 
2008], potentially filling in or obscuring pre-existing significant craters or small 
basins.   
Impact 
The impact event(s) that formed the Moscoviense basin, occurred during 
the Nectarian Period (3.85-3.92 Ga) [Wilhelms, 1987], resulting in an excavated 
basin with multiple rings.  The impact would have produced significant melt within 
the displaced zone at the deepest part of the transient cavity.  As the walls of the 
transient cavity collapsed inward and the floor of the basin simultaneously 
rebounded upward, the edges of the melt-cavity collapsed and formed the peak-
ring.  The melt that had been in the melt-cavity would have flowed and collected 
in low-lying areas of the basin as the basin stabilized.  Wilhelms and El-Baz 
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[1977] and Stuart-Alexander [1978] identified lineated material around the basin 
to the north and east of the basin that appears to represent discontinuous ejecta 
deposits from the impact event.  
Mare emplacement 
During large-scale impact events, a considerable amount of crustal 
overburden is removed and redistributed around the impact site.  The removal of 
this material causes the temperature and pressure gradients within the crust to 
readjust and may instigate melting and magma production below the basin 
[Elkins-Tanton et al., 2004].  This redistribution of geothermal gradients can also 
result in convective motion of the crust below the basin; resulting in horizontal 
and vertical stresses that adjust to the new configuration of the surface and crust-
mantle boundary, further instigating more melting [Elkins-Tanton et al., 2004].  
The lower-density melt begins to form diapirs and ascend until it encounters a 
layer of crust less dense than itself, where it stalls in a density trap, or at a 
rheological boundary that prevents further ascension [Head and Wilson, 1992].  
As more and more melt collects at these locations, the pressure begins to build 
until dike propagation is initiated.  If the dike propagates to the surface, some of 
the magma in the dike will extrude onto the surface; otherwise, the dikes will stall 
and solidify below the surface [Head and Wilson, 1992].  At this location partial 
melting may have been instigated by the impact event and provided the 
additional impetus required for the basaltic magmas, that resulted from the 
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concentration of the radioactive elements in the residual KREEP [Warren, 1985], 
to reach the surface.   
Mare volcanism commenced in Moscoviense during the Upper Imbrian 
Epoch (3.2-3.8 Ga) [Wilhelms and El-Baz, 1977; Stuart-Alexander, 1978; 
Haruyama et al., 2009; Morota et al., 2009], with the final basalt flows occurring 
possibly as recent as ~2.5-2.6 Ga [Haruyama et al., 2009, Morota et al., 2009].  
There are no obvious fissures, vents, or sinuous rilles leading into the basin that 
indicate the location of the volcanic activity that led to the filling of the basin floor, 
at the resolution of currently available imagery.  Previous interpretations of 
sinuous rilles within the basin by Gillis [1998] cannot be corroborated.  There are 
also no recognizable distinct flow margins between the different mare units.  
Mare unit delineations are based on the mineralogical variability seen in multi-
spectral images, surface textures, and albedo.  The slope of the basin floor from 
northeast to southwest and the general elongate shape of the Iltm  and Ehtm 
units suggest that the source vents of the mare are somewhere in the north or 
northeastern region of the basin floor, as suggested by Gillis [1998].  The Im unit 
is topographically higher than the Iltm and Ehtm units, especially in the vicinity of 
the peak-ring, and is exposed in crater rims and ejecta on the basin floor.  The 
unit is highly cratered and degraded, more so than any of the other deposits on 
the basin floor.  It has been assigned an age of 3.9 Ga by Morota et al. [2009], 
which suggests that it is the oldest surface unit within the basin floor and 
corresponds with the age of  the  basin itself.  The unit extends from the southern 
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edge of the Iltm and Ehtm units down toward the lowest portion of the basin floor 
and then up-hill toward the base of the peak-ring.  It is exposed in the north-end 
of the basin as uplifted-crater rims and ejecta, and at the edges of the basin floor 
to the northeast.  These relationships suggest that the Im unit may be impact-
melt that filled the floor of the basin and not a mare basalt deposit that has 
subsequently covered it.  The reclassification of the Im unit as an impact-melt 
more closely resembles the classification of the unit by Craddock et al. [1997] as 
a questionable pyroclastic deposit or possible melt sheet based on Clementine 
data.  Other mare units have been identified outside of the basin to the north and 
south by Stuart-Alexander [1978] and Gillis [1998].  These deposits occur within 
craters at 13°54’47 N, 153°58’48E, and at 45°26’1N, 150°48’27E (Fig. 2.2).  
However, there is no evidence that these basalts are necessarily associated with 




Characterization of the mineralogical units in and around 
Moscoviense 
 
With M3 data, we have identified the different mare units utilizing three 
separate band-ratios that highlight differences in mineralogical composition: 
band-ratio 1618 nm/730 nm examines the continuum slope; band-ratio 1209 
nm/1618 nm accentuates differences within the slope ratio; and band-ratio 580 
nm/730 nm compares the band strengths at ultraviolet versus visible 
wavelengths.  We used the Small Crater Rim and Ejecta Probing (SCREP) 
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procedure [Kramer, 2010] to extract spectral information from pixels on the rims 
and proximal ejecta of small, immature craters (0.5-5 km in diameter).  These 
small craters act as windows through the ubiquitous, obscuring regolith, exposing 
the underlying lithology [McCord & Adams, 1973, Staid & Pieters, 2000, Kramer 
et al., 2007, Kramer et al., 2008, Kramer, 2010].  Analysis is focused on the rims 
and proximal ejecta of the craters, because these are the locations that best 
expose the pristine bedrock composition, while simultaneously avoiding 
photometric effects due to steep slopes.  Impact-cratering studies and analysis of 
impact-ejecta mechanics demonstrate that near the crater rim, the original 
stratigraphy of the impact target is inverted [Melosh, 1989].  This area represents 
the thickest part of the crater ejecta, and thus consists of the most concentrated 
or highest proportion of native material compared to foreign materials that 
collectively make up the regolith.  Furthermore, the rim and proximal ejecta suffer 
the least amount of post-impact regolith build-up [Kramer, 2010].  Impact 
gardening and other soil-maturation processes are continuous phenomena.  
Regolith production is progressively obscuring the freshly exposed bedrock.  
Thus, despite information from the least-mature impacts, the craters from which 
we derive compositional values are still contaminated by lateral mixing from 
foreign terrains.  The crater floor, which represents the greatest depth of 
penetration, has been used for extracting compositional information.  However, it 
would be covered with regolith produced since excavation, as would any flat 
region of the lunar surface, and would also contain additional material slumped 
65 
 
off the crater wall.  Refer to [Kramer, 2010] for a thorough discussion of the 
SCREP procedure and rationale. 
 The mean spectra of the basin-floor surface units and their SCREP-
selected spectra can be seen in Figure 2.8.  These spectral analyses are a 
significant improvement over previous studies, by virtue of the improved spectral 
capabilities of M3 instrument. The Im unit is characterized by a very weak feature 
at 1 µm, but due to the strong thermal component beyond 2 µm, there is no clear 
2 µm band.  This, along with the high albedo of the unit suggests that Im is highly 
feldspathic with little or no mafic minerals present. These spectral characteristics 
are consistent with impact melt [Tompkins and Pieters, 2010]; thus Unit Im may 
be the battered remains of the basin-floor impact melt sheet. Units Iltm and Ehtm, 
have strong ferrous bands indicating that they are basaltic units.  The absorption 
features of the surface units (soils) are significantly subdued due to space 
weathering, and stand in contrast to the fresh basalt spectra for each unit as 
shown in Figure 2.8.  A two-dimensional scatter plot showing the integrated band 
depth at 1000 nm vs. the albedo at 1489 nm can be seen in Figure 2.9.  Pixels 
with a strong absorption around 1000 nm (mafic minerals) plot higher in the Y-
axis direction, and pixels that have a stronger albedo at 1489 nm (attributed to a 
higher FAN abundance) will plot at higher values along the X-axis.  The plot (Fig. 
2.9) clearly delineates between units Im, Ehtm, and the peak-ring.  We interpret 
this to indicate that unit Im is compositionally intermediate between the basaltic 





Figure 2.8  Mean apparent reflectance spectra collected from the basin 
floor units in image M3G20081229T022350.  SCREP selected spectra of 
primary units (top), surface spectra (bottom).  The color of each spectral 
profile corresponds to the unit color in Figure 2.2.  Note: Spectra are not 
thermally or photometrically corrected and this may influence the shape of 





































































Figure 2.9  A) M3 image M320081229T022350 750 nm albedo, B) 
corresponding units of two-dimensional scatter plot C) M3 color composite 
where R = the integrated band depth at 1000 nm, G = the integrated band 
depth at 2000 nm, B = albedo at 1489 nm (band 46).  D) Two-dimensional 
scatter plot and pixel density slice indicating transition of mafic to 
feldspathic units; X-axis is albedo at 1489 nm (band 46), Y-axis is the 
integrated band depth at 1000 nm.  Colors in B and D correspond with 




derived from melted and mixed upper (feldspathic) and lower (mafic) crustal 
material.   
The FHT surrounding the Moscoviense Basin is generally spectrally bland 
across the spectral range of M3, as is expected for fractured and shocked 
anorthositic material.  However, Yamamoto et al. [2010] identified several 
locations within the peak-ring and the main-ring that exhibit significant olivine 
signatures.  One of the locations having an olivine-dominated lithology was also 
identified by Isaacson et al. [2011] at 32.568°N, 143.760°E, which is northwest of 
the mare in the middle-ring (Fig. 2.2, mafic exposure 1).  There are several 
craters around the basin, identified in Figure 2.2, that have excavated materials 
from below the surface that display strong mafic-absorption features.  Figure 2.10 
represents spectra from two craters that exposed mafic material within or 
adjacent to the main-ring.  These spectra were obtained from a ~10 km crater 
located at 24.169°N, 155.128°E (Fig. 2.2, mafic exposure 2) and a ~15 km crater 
at 25.395°N, 154.054°E (Fig. 2.2, mafic exposure 3).  Both these craters exhibit a 
weak but broad ferrous band near 1 μm that could be due to pyroxene and/or 
olivine.  Additional spectra of mafic exposures (Fig. 2.11) can be found north of 
the basin, within the exposed central peak of a ~30 km crater at 44.150°N, 
141.833°E (Fig. 2.2, mafic exposure 4), and in a ~7.5 km crater at 28.020°N, 
161.877°E in the outer-ring (Fig. 2.2, mafic exposure 5).  These have distinct 
features that occur at shorter wavelengths, indicative of small amounts of low-Ca 





Figure 2.10  Average apparent reflectance of 3x3 window from two craters 
along the eastern middle-ring (see mafic exposures in Fig. 2.2 for locations) 
from M3 image M3G20090624T071103.  Absorptions at 1 and 2 µm indicate 
mafic compositions have been exposed within the FAN crust adjacent to 
the middle-ring by impacts.  Note: Spectra are not thermally or 





































Figure 2.11  Average apparent reflectance of 3x3 window from two craters 
outside of the outer-ring (see mafic exposures in Fig. 2.2 for locations) 
from M3 images M3G20090528T213152 (crater 4 north) and 
M3G20090720T214000 (crater 5 east).  Absorptions at 1 and 2 µm indicate 
mafic compositions have been exposed within the FAN crust adjacent to 
the outer-ring by impacts.  Note: Spectra are not thermally or 
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the basin, but it is difficult to determine definitively from this initial analysis 
whether the origin of this material is cryptomare, pyroclastic deposits, or mafic 
intrusions. 
The peak-ring is the most diverse lithologic unit within the basin, with 
several areas where unexpected mineralogies have been exposed and 
discovered.  Pieters et al. [2011] have identified several areas within the peak-
ring where olivine, orthopyroxene, and magnesium-rich spinel (MgAl2O4) spectra 
appear as isolated diffuse units.  These exposures do not appear to be 
associated with any impact craters, significant albedo changes, or 
geomorphological features suggesting that they are integral components of the 
peak-ring that were exposed when the basin formed.  Pieters et al., [2011] did 
not detect any other mafic minerals (i.e., < 5%) associated with the magnesium-
rich spinel, but did find that some of the olivine and orthopyroxene exposures are 
geographically near one another.  
 
 
Interpretation and Summary 
Basin Formation  
There are several observations that make that Moscoviense Basin 
unusual.  The centers of the rings that make up the Moscoviense Basin are offset 
along a line, the elongate nature of the basin floor, the significant positive gravity 
anomaly within the basin, the diverse basalt compositions, the presence of 
72 
 
sparse farside mare deposits, and the revelation that the thinnest crust on the 
entire Moon is found under a basin that is surrounded by what is otherwise very 
thick crust (~60-75 km).  All of these things together suggest that the typical 
scenarios related to basin formation may not entirely apply to the Moscoviense 
Basin. 
We have explored the possibility that the basin is the consequence of a 
single oblique impact.  This scenario is consistent with the offset configuration of 
the rings, the partial peak-ring, the elongated nature of the basin floor, steep up-
range slopes and gentler down-range slopes, and the discontinuous ejecta.  
However, since a single oblique impact would distribute the kinetic energy of the 
bolide horizontally as well as vertically, it is not clear why it would induce such a 
significant response directly below the basin at the crust-mantle boundary.  So 
while an oblique impact does explain the surface features that exist at 
Moscoviense, it does not satisfactorily explain the thin-crust, significant-gravity 
anomaly present, or the abundant mare that are recognized there. 
Another possibility to explain the features of Moscoviense is that multiple 
impacts were involved in the formation of the basin.  The scenario of a smaller 
basin forming within the confines of an older and larger pre-existing basin may 
account for the off-set ring configuration as well as the potential partial remnants 
of a ring between the main and outer rings and the elongated basin floor.  In such 
a scenario, uplift of the crust-mantle boundary in response to the two basin 
forming events may be sufficient to explain the thin crust and associated 
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significant positive gravity anomaly, which would represent a mantle plug 
intruding into the FHT crust.  Since the uplift of the crust-mantle boundary is so 
significant, dike propagation from the uplifted-crust-mantle boundary to the 
surface can explain the presence of the mare deposits at this location.   
We have also explored the slight modification of the previous scenario, in 
which a nearly simultaneous double-impact occurs.  The combined excavation by 
two bolides, one immediately following the other, would excavate a very-deep 
transient cavity without significantly increasing the diameter of the crater at the 
surface.  The collapse of the transient crater could result in an elongated crater 
floor, if the second bolide impacted off center from the first.  This could account 
for the offset rings; since the main-ring would form as a result of the final 
transient cavity and the peak-ring would form from the collapse of the displaced 
zone into the skewed, expanding melt cavity.  The asymmetric collapse could 
suggest why half of the peak-ring extends above the basin floor and the rest is 
either non-existent or buried under mare.  Since the expanded melt cavity 
became elliptical instead of hemispherical and the transient cavity had become 
deeper, the displaced zone would collapse into the melt-cavity instead of 
becoming part of the peak-ring.  Then the outer-ring would form as a response to 
the entire excavated cavity.  This scenario has the potential to explain the gravity 
anomaly, thin crust, farside mare, and potentially the offset-ring structure of the 
basin, and should be considered despite the complicated formational mechanism 
involving dual impacting bolides.   
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It is possible that the gravity anomaly and thin crust are not directly related 
to the formation of the Moscoviense Basin, as viewed today.  It could be, that 
prior to the impact (i.e. ≥4.0 Ga), significant secondary plutonic activity had 
already propagated dikes throughout the region, and the Moscoviense impact-
event, and isolated craters across the surface, have subsequently excavated 
some of the dikes and plutons that resulted from this activity.  If this is the case, a 
single oblique impact scenario may be the most probable for the Moscoviense 
basin. 
Basin rings  
 
Moscoviense Basin is within the FHT [Jolliff et al., 2000], and the 
excavation of the rings has resulted in the exposure of several mafic signatures 
within this highly-feldspathic region.  Each of the rings has at least two localities 
where subsequent impacts have exposed mafic material, and the peak-ring has 
turned out to be the most mineralogically diverse area of the basin [Pieters et al., 
2011].  According to the Head [2010] basin-ring formation model that we are 
using, the material that makes up the peak-ring corresponds to the deepest part 
of the crust exposed by the basin-forming event.  The shallow slopes where the 
unusual peak-ring mineralogies have been found lack signs of recent impact, 
suggesting that they represent integral parts of the crust that have been moved 
from depth and exposed at the surface.  The other areas within the middle-ring 
and the outer-ring that have mafic signatures may represent plutonic material 





  The 3.9 Ga Im unit is the oldest unit and coincides with the formation of 
the basin.  The age and topographic relationship of this unit with respect to the 
other mare deposits and the peak-ring, as well as its spectral nature suggest that 
this unit is transitional between the mafic mineralogy of the mare and the 
feldspathic mineralogy of the surrounding peak-ring material.  Our interpretation 
of this transitional unit is that it represents impact-melt from the formation of the 
basin and does not represent a mare deposit.  The composition of the Im unit 
likely reflects the melting and mixing of mafic and feldspathic lithologies during 
the basin impact event; which incorporated mafic-igneous intrusions, possibly 
lower crust, part of the bolide, and large amounts of FAN. 
Mare Volcanism  
 
Mare deposits within the basin range in age from 3.5 to 2.6 Ga [Morota et 
al., 2009].   The Iltm unit has an intermediate albedo relative to the Im and Ehtm 
units at 1489 nm.  It has been assigned an age of 3.5 Ga and has spectra 
consistent with a basaltic mare.  The Ehtm unit has a low albedo, and has been 
assigned an age of 2.6 Ga, and is the youngest unit within the basin.  The strong 
ferrous bands, as seen in Figure 2.8, are consistent with basaltic mare.  The 
mare units that have been identified to the north and south of the basin do not 
appear to be directly related to the maria within the basin.  
 The Moscoviense Basin is an interesting feature on the Moon that is 
providing us with the opportunity to explore the early differentiation of the crust 
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and the subsequent period of later magmatic activity that intruded into the FHT.  
The unusual mineralogies that have been exposed suggest the presence of 
igneous intrusions within the FHT that were not seen at the surface during the 
brief Apollo or Luna missions.  Further study of this part of the Moon may lead to 
a more-thorough understanding of the magmatic history of the Moon and other 
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ILMENITE AS AN INDICATOR MINERAL IN DIAMOND 






Ilmenite has been used as an indicator mineral in diamond exploration for 
many years.  Its ability to resist chemical and physical weathering and high 
density enables nature to concentrate it as a placer mineral downstream from its 
source and act as a proxy for the close proximity of a kimberlite pipe.  Numerous 
studies have attempted to use the composition of kimberlitic ilmenite to 
determine potential diamond-bearing relationships.  Some of these studies have 
identified general trends that have been applied to other cratons with varying 
success, but do not constrain diamond grade, or the overall potential of the pipe.  
We have identified a statistical method for estimating not only the presence of 
diamond in kimberlites, but some indication of the diamond grade.  This scheme 
utilizes kimberlitic ilmenite trace-element data that should be able to be applied to 
any craton, after the development of a control dataset from known diamond-
producing and barren pipes.  This method can be applied relatively quickly and 




The exploration for economically viable mineral resources is often a 
financially intensive process that involves considerable time, labor, and funds.  
The extensive field studies, sample collection, and laboratory work in which the 
minerals associated with economic deposits are searched for, identified, and 
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analyzed; often takes over a year to complete, and may not yield positive returns 
[Griffin and Ryan, 1995].  This is exemplified by the search for diamond-bearing 
deposits.  Diamonds are transported to the surface of the Earth from deep within 
the upper mantle (150 – 200 km) by kimberlite and to a lesser degree by 
lamproite magmas, resulting in very rare and unusual volcanic rock types found 
within the cratonic areas of continents [Gurney, 1989; Gurney et al., 1993].  In 
addition to their scarcity, Spetsius and Taylor [2008] have observed that only 
about ~10 % of kimberlite pipes contain diamonds, and only 10 % of those 
contain gem-quality diamonds.  This makes the prospect of identifying the pipes 
that contain the gem-quality diamonds all the more critical to reduce costs 
associated with exploration.   
Due to the rarity of diamonds, prospectors do not look for diamonds 
initially, but for “indicator minerals” that are associated with diamond.  These are 
minerals that have formed deep within the mantle, have survived being 
transported to the surface within the kimberlite and the subsequent weathering 
processes in the upper crust.  The indicator minerals associated with diamonds 
are purple-colored garnets, chromites, and ilmenite [e.g., Sobolev, 1977, 1980; 
Kharkiv, 1978; Nixon 1995; Kaminsky and Belousova, 2009].  These particular 
minerals have a higher resistance to weathering and can be found within stream 
sediments as placer deposits.  In order to separate these minerals from the bulk 
sediments in the field, the use of “panning” or a sluice, similar to those employed 
by gold prospectors, is used (or mineral separation of bulk samples in the lab).  
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Once these minerals have been identified within stream sediments, teams move 
upstream until they can no longer find any trace of them, at which time, it is 
inferred that they are close to the kimberlite pipe itself.   
It is not just the presence of these indicator minerals that is important, it is 
their chemistry.  The major- and trace-elements concentrations of kimberlitic 
garnets and chromites have been used to infer the potential of the kimberlite to 
yield diamonds and its potential “diamondiferousness” – the quality of the 
diamonds [e.g. Sobolev, 1977; Griffin and Ryan, 1995; Gurney et al., 1993].  
However, these indicators are not infallible, as Sobolev [1977] has documented. 
In addition, several studies have been performed to explore the utility of ilmenites 
for diamond exploration beyond its role as an indicator of the presence of a 
kimberlite pipe.  Mitchell [1973] explored the potential petrogenesis of kimberlitic 
melts from South Africa and the United States using ilmenite compositions.  
Mitchell [1977] statistically explored the ilmenite trace-element abundances from 
several kimberlites and determined that each one represented a discreet magma.  
Haggerty [1975] observed a parabolic relationship between MgO and Cr2O3 
concentrations in ilmenites from African diamond-bearing kimberlites.  Sobolev 
[1977] illustrated that the abundance of TiO2 and MgO in ilmenite also could 
potentially be used as an indication of the presence of diamonds.  Moore [1987] 
reviewed the origins of ilmenite in kimberlite and diamond from Botswana, and 
Moore et al. [1992] analyzed trace-elements of ilmenites from the Monastery 
kimberlite in South Africa and inferred that changes in cumulate assemblages 
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could be identified using trace-element data.  There also has been additional 
work performed using ilmenites to infer the oxidation state and the preservation 
potential of diamonds within a kimberlite [Gurney and Zweistra, 1995], or as a 
“finger-print” to identify specific kimberlite pipes [Griffin and Ryan, 1995] of 
African kimberlites.   
Despite all of this work, the minor- and trace-elemental compositions of 
the ilmenites have not been studied to the same degree as the garnets and 
chromites with respect to diamond potential and may provide additional valuable 
information about diamond yields and quality.  This is especially true when it 
comes to the ilmenites associated with Siberian kimberlites.  The present study 
provides baseline data and a statistical treatment of these data to evaluate the 
use of ilmenite chemistry to identify not only the presence of diamonds, but the 





The Siberian craton covers an area of approximately four million square 
kilometers that is covered by Phanerozoic sedimentary cover; seven 
diamondiferous fields have been identified within the Yakutian Diamond Region 
of the Siberian Platform [Spetsius and Taylor, 2008].  We have collected 
ilmenites that are associated with 13 different kimberlite pipes of the Daldyn-
Alakit and Mirny fields, Fig. 3.1.  Elektra, Festivalnaya, Irelyakhskaya, Jila-70,  
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Figure 3.1  Top – Location map of the Siberian Craton and the regions of 
diamond-bearing deposits.  Figure is reproduced from Spetsius and Taylor 
[2008].  Bottom - Locations and diamond grade of individual kimberlite 
pipes within the Daldyn-Alakit and Mirny fields (regions).  The location of 
Jila-70 is only known to be within the Daldyn-Alakit region, exact 
coordinates are unavailable.  XXIII Congress is located approximately 17 









Molodost, Osennaya, Popugaevoi, Udachnaya, Ugadayka, Ukrainskaya, and 
Zagadochnaya kimberlite pipes are in the Daldyn-Alakit field and the XXIII 
Congress and Tayejnaya kimberlite pipes are from the Mirny field.  The pipes 
range from having no-diamonds present through poor- to high-diamond grades 
[Zintchouk et al. 2003, Pokhilenko pers. comm. 2010], and are summarized in 
Table 3.1.  The ilmenite compositions and diversity of these pipes, in the 
presence and quality of diamonds, will be used to identify the potential of 
ilmenites to constrain the economic viability of these kimberlites as diamond 
sources.   
The Ilmenite samples used in this study were originally found as stream 
sediments that range in size from 0.5-2 mm, except for some large (~1 cm) 
ilmenites from Udachnaya that came from the kimberlite pipe itself.  The stream 
sediment ilmenites most likely represent broken fragments of larger ilmenite 
grains that have experienced physical weathering during transport within the 
kimberlite and/or as they migrated downstream.  Ilmenite grains from each pipe 
were randomly selected from mineral separates and were mounted in epoxy and 
polished.  In the case of the larger Udachnaya ilmenites, pieces of the ilmenite 
were chipped off and used for analysis.  The number of ilmenites available for 
analysis from each pipe varied slightly, but was approximately 100 per pipe: 
Elektra (97), Festivalnaya (103), Jila-70 (102), Popugaevoi (105), Tayejnaya 
(99), Udachnaya (100), Ugadayka (105), Ukrainskaya (103), and Zagadochnaya 
(98).  However, four pipes had less than the desired 100, and those are XXIII  
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Table 3.1 Siberian kimberlite pipe locations and diamond grade used in this 
study.  Daldyn and Alakit fields are combined as a single field as in Figure 
3.1. “no-dia.” indicates no-diamonds are known to be present at that 
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Congress (49), Irelyahkskaya (54), Molodost (54), and Osennaya (87).  Several 
of the electron microprobe (EMP) analyses for Udachnaya were performed at the 
Sobolev Institute of Geology and Mineralogy and were unavailable for laser 
ablation inductively coupled mass spectrometry (LA-ICP-MS) analysis.   
The majority of ilmenites used in this study are single, compositionally 
homogeneous grains; however, polycrystalline grains are also present, and 
multiple compositions from the same grain have only been included when 
significant variability was recognized in EMP analyses.  Calcite deposits can be 
found along some polycrystalline grain boundaries, and appear to represent 




Ilmenite major- and minor-element compositions were determined by 
electron microprobe analysis, using the Cameca SX-100 Fully-Automated 
Electron Microprobe, at the University of Tennessee and a JEOL JXA-8100 
Superprobe at the Sobolev Institute of Geology and Mineralogy, Siberian Branch 
- Russian Academy of Sciences.  At the University of Tennessee, compositional 
analyses were obtained with an accelerating potential of 15 keV, 30 nA beam 
current, and a spot size of 1 µm.  The Sobolev Institute of Geology and 
Mineralogy, analyses were obtained with an accelerating potential of 20 keV, 50 
nA beam current, and a spot size of 2 µm.  EMP analyses measured for 
magnesium (Mg), aluminum (Al), manganese (Mn), iron (Fe), silicon (Si), calcium 
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(Ca), vanadium (V), nickel (Ni), zirconium (Zr), niobium (Nb), and chromium (Cr) 
and are reported as weight percent (wt %) oxides.  The abundance of Fe3+ in the 
samples was calculated assuming perfect stoichiometric properties of ilmenite 
and reported as hematite (Fe2O3).   
Following EMP analyses, 20+ grains were selected from each pipe for LA-
ICP-MS analysis across the range of TiO2, FeO, MgO, Fe2O3, and Cr2O3 values 
in order to explore trace elements concentrations.  These analyses were 
performed at the University of Notre Dame and the Virginia Polytechnic Institute 
and State University (Virginia Tech).  The analyses at Notre Dame were 
performed on a Thermo Finnigan Element 2, High-Resolution Double Focusing, 
Magnetic Sector Inductively Coupled Plasma, Mass Spectrometer, equipped with 
a 213 nm ND-YAG New-Wave Research Laser-Ablation system employing an 80 
µm spot size and processed using the Glitter software [Griffin et al., 2008].  The 
analyses performed at Virginia Tech utilized an Agilent 7500ce ICPMS coupled 
with a Geolas laser ablation system and typically used a 60 µm spot size, which 
was occasionally reduced to 44 or 32 µm to accommodate grain-size constraints, 
and processed using the AMS software [Mutchler et al., 2008].  All LA-ICP-MS 
analyses measured calcium (Ca), scandium (Sc), titanium (Ti), vanadium (V), 
chromium (Cr), manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), 
zirconium (Zr), niobium (Nb), molybdenum (Mo), tin (Sn), hafnium (Hf) and 
tantalum (Ta) abundances, using EMP TiO2 values as the internal standard, and 
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the National Institute of Standards (NIST)  SRM 610 [Pearce et al., 1997] as the 
external standard. 
The compositional analyses were then tabulated in Microsoft Excel 
[Microsoft Excel v14.0.6112.5000, 2010] and explored using the statistiXL 
statistical analysis software package [statistiXL v1.8, 2007] add-in for Excel in 
order to identify any geochemical trends between the ilmenites, the kimberlite 
pipes, the presence/absence and grade of diamonds, and the 
“diamondiferousness” (a qualitative Russian term that encompasses diamond 
quality and abundance) of the pipe.  Factor Analysis, Stepwise Regression, and 
Principal Component Analysis, were initially used to explore the dataset and 
identify compositional relationships and diversity with varying degrees of 
success, but will not be elaborated on further.  A grouping Discriminant Function 
Analysis (DFA) ultimately proved the best at discerning between different 
kimberlite pipes and their corresponding ilmenite compositions.  The DFA utilizes 
a linear combination of variables to construct rules that allow classification into 
groups by generating a projection of the data-cloud that illustrates the maximum 
between-group variance based on within-group variance (Davis [1973] and 
Boslaugh & Watters [2008], provide excellent reviews of statistical methods).  
Each DFA was performed twice; once using a combination of major-element 
EMP and minor- and trace-element LA-ICP-MS as the analysis variables and a 
second time using only the LA-ICP-MS minor- and trace-element data. The factor 
used in the first set of analyses is each individual pipe, the second is diamond 
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grade, and the third is “diamondiferousness”.  Statistical significance for each 
analysis is provided as the percent of variance, cumulative variance, Wilks’ 




 The mean compositions of the electron microprobe analyses for the major 
and minor elements from all pipes can be seen in Table 3.2.  Values from the 
EMP data that are below the detection limit of the instrument are denoted as 
<0.03.  Although there is typically considerable compositional variability within the 
individual pipes, the mean compositions in weight percent (wt %) from each pipe 
are similar and range from 46.4 – 50.8 TiO2; 25.1 – 27.2 FeO; 9.67 – 17.3 Fe2O3 
(calculated); 8.52 – 11.4 MgO; 0.22 – 1.94 Cr2O3; 0.41 – 0.71 Al2O3; 0.20 – 0.29 
MnO; 0.10 – 0.34 Nb2O5; 0.06 – 0.12 NiO; 0.04 – 0.08 ZrO2; 0.03 – 0.05 SiO2; 
<0.03 – 0.12 CaO; and <0.03 – 0.35 V2O3.  As one might expect, electron 
microprobe analyses indicate considerable compositional overlap between 
kimberlite pipes.   
 The mean LA-ICP-MS elemental abundances and the one sigma standard 
deviation in parts per million (ppm) can be seen in Table 3.3.  The greatest 
variability of means is observed in Cr, which ranges from 744 – 14734 ppm and 
is followed by the 762 – 2467 ppm range for Nb.  The others, in decreasing 
order, are: Mn 1400 – 2659 ppm; V 1731 – 2158 ppm; Zr 323 – 713 ppm; Ni 601  
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Table 3.2 Mean EMP analyses from each pipe and one standard deviation (1σ).  All values listed as wt %, 
compositions denoted by <0.03 indicate the mean values are below the detection limit of the instrument. 
Units in ( ) represent one standard deviation of analyses in terms of the least cited unit. 
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Table 3.2 continued. 
 













































































































































































Fe2O3*  14.8 (30)   17.3 (60)   15.5 (30)   10.1 (21)   13.4 (25)   12.2 (19) 
                   






Table 3.3 LA-ICP-MS mean analyses from each pipe and one standard deviation (1σ).  TiO2 abundance from 
the EMP was used as the internal standard for all analyses and processing. All values are in parts per million 
(ppm). 
 
  XXIII Congress Elektra Festivalnaya Irelyakhskaya Jila-70 Molodost Osennaya   
  Mean 1σ Mean 1σ Mean 1σ Mean 1σ Mean 1σ Mean 1σ Mean 1σ   
  
              
  
Ca 110 61 117 65 77 108 231 751 149 73 143 247 99 65   
Sc 24 2 35 7 30 6 35 11 30 10 39 17 33 4   
Ti 287619 9738 283510 14648 287377 10917 294884 8015 302490 11977 295058 15228 277887 13505   
V 2023 203 1982 144 1841 155 1846 177 1776 98 1803 184 1731 100   
Cr 744 263 6347 2016 7269 5468 6019 3181 5689 3656 14734 13024 11139 5297   
Mn 1924 194 2253 144 2336 257 2659 446 2046 252 2382 924 1795 112   
Co 197 25 175 22 187 25 180 26 154 13 140 34 134 10   
Ni 601 174 774 120 852 182 812 303 868 246 851 457 824 162   
Cu 45 11 22 9 36 66 23 11 29 8 22 10 19 5   
Zn 175 31 173 27 195 32 165 26 149 118 143 75 128 17   
Zr 323 60 691 236 537 191 512 148 422 158 485 381 713 198   
Nb 762 153 2388 726 1977 639 2159 746 1570 631 2097 1673 2275 656   
Mo 2 0 2 0 2 1 2 0 1 0 1 2 2 0   
Sn 10 2 16 3 14 3 13 3 9 2 10 6 12 3   
Hf 13 2 25 8 20 7 19 5 16 6 17 13 26 7   
Ta 75 16 234 75 200 68 231 85 185 71 239 204 253 72   
                                
Nb/Ta 10.2  10.2  9.9  9.3  8.4  8.8  9.0   





Table 3.3 continued. 
 
  Popugaevoi Tayejnaya Udachnaya Ugadayka Ukrainskaya Zagadochnaya   
  Mean 1σ Mean 1σ Mean 1σ Mean 1σ Mean 1σ Mean 1σ   
  
            
  
Ca 101 89 103 196 155 107 167 208 191 217 179 288   
Sc 35 7 26 5 31 8 28 7 40 9 39 5   
Ti 285189 16186 254186 36625 278331 22271 304321 11606 291276 14974 293233 7037   
V 1777 218 2158 217 2013 257 1781 97 1862 243 1946 193   
Cr 6831 4586 6266 8179 5766 5313 5684 1943 7732 2936 5446 2214   
Mn 2234 281 1400 419 2384 518 1907 147 2504 351 2551 247   
Co 167 30 142 25 185 37 157 13 176 22 163 38   
Ni 740 173 642 264 707 435 883 246 850 181 654 225   
Cu 21 10 26 12 19 8 32 10 24 10 20 6   
Zn 162 33 127 19 194 42 129 9 153 35 157 25   
Zr 653 208 627 353 602 187 426 199 648 209 586 171   
Nb 2267 723 1127 496 1722 695 1476 696 2430 816 2467 716   
Mo 2 1 3 1 3 4 1 0 2 0 2 0   
Sn 15 4 13 6 15 4 9 3 15 4 15 3   
Hf 24 7 23 12 21 5 17 7 24 8 22 6   
Ta 237 73 109 43 159 60 176 81 261 80 267 80   
                            
Nb/Ta 9.6  10.3  10.8  8.4  9.3  9.2   






– 883 ppm; Ta 75 – 267 ppm; Ca 77 – 231 ppm; Zn 127 – 195 ppm; Co 134 – 
197 ppm; Cu 19 – 45 ppm; Sc 24 – 40 ppm; Hf 13 – 26 ppm; Sn 9 – 16 ppm; and  
Mo 1 – 3 ppm.  All EMP analyses can be found in APPENDIX III.I.  All LA-ICP-
MS and the associated EMP analyses can be found in APPENDIX III.II.   
 
 
Statistical Analysis Results 
 
In order to standardize all variables, EMP analyses were converted from 
wt % oxides to ppmw element concentrations prior to statistical analysis.  Si and 
Mo concentrations were not included in the final analyses due to their frequency 
of being near, or below, detection limits.  Ca was also excluded because some 
ilmenites contained secondary deposits of Ca in cracks that could have biased 
analysis.  All analyses presented here have been deemed highly significant and 
non-random based on their percent of variance, cumulative variance, Wilks’ 
Lambda, Chi Square, degrees of freedom, and P-value. 
A Discriminant Function Analysis, utilizing as variables, the Fe, Fe3+ 
(calculated), Mg, Al, and Ti abundances obtained through EMP analysis and Sc, 
V, Cr, Mn, Co, Ni, Cu, Zn, Zr, Nb, Sn, Hf, and Ta acquired by LA-ICP-MS 
analysis, is able to separate the pipes into three distinct groups as seen in Figure 
3.2.  This used the combination of elemental loadings shown in Table 3.4.  
Function 1 (X-axis) accounts for 44.8 % of the observed variance, has a Wilks’ 




Figure 3.2  Discriminant Function Analysis plot using elemental ilmenite 
concentrations obtained by EMP and LA-ICP-MS and associated with 
individual kimberlite pipes.  Three distinct groups; A, B, and C have been 
identified that correspond well with known diamond content. Dashed lines 
are for illustrative purposes only and do not indicate an exact boundary. 
103 
 
Table 3.4  Discriminant Function Analysis elemental loadings for Fig. 3.2;  
Function 1 (X-axis) and Function 2 (Y-axis). 
Element Function 1 Function 2 
Al 0.244 0.114 
Mg 1.823 0.616 
Fe
2+
 1.439 0.836 
Fe
3+
 1.485 0.604 
Ti -0.844 0.117 
Sc -0.001 0.593 
V 0.858 -0.495 
Cr -0.070 0.070 
Mn -0.217 0.190 
Co -0.155 1.252 
Ni 0.135 -0.268 
Cu 0.073 0.012 
Zn -0.029 0.046 
Zr -1.046 -0.997 
Nb -1.915 2.374 
Sn -0.763 0.105 
Hf 1.142 2.388 








<<0.01.  Function 2 (Y-axis) accounts for an additional 23.8 % (cumulative total 
of 68.6 %), has a Wilks’ Lambda of 0.047, Chi Square of 1207.3, 187 degrees of 
freedom, and a P-value <<0.01.   The magnitudes of the vectors seen in Figure 
3.3 indicate each elements influence on the axes of the final plot.  This DFA is 
significantly influenced by Nb, Ta, Hf, Fe, Fe3+, Mg, and Zr concentrations.  Even 
though the other elements do not appear to be as significant, they influence the 
final plot and their contributions are important to the overall analyse and final 
point-cloud distribution.   
The three groups correlate well with known diamond associations based 
on reported mining operations and field surveys (see Table 3.1).  Group A is 
primarily composed of ilmenite compositions from XXIII Congress, Udachnaya, 
and Tayejnaya, which contain high-grade, high-grade, and medium-grade 
diamonds respectively.  Each of these pipes also contains some ilmenite 
compositions that extend into other clusters.  Group B is largely made up of 
ilmenite compositions from Elektra, Festivalnaya, Irelyhkskaya, Popugaevoi, 
Ukrainskaya, and Zagadochnaya kimberlite pipes; there are also a majority of the 
ilmenites from the Udachnaya pipe within this group.  All of the pipes in this 
group have recovered low- to medium-grade diamonds, except Udachnaya, 
which contains high-grade diamonds and Zagadochnaya, which does not contain 
diamonds, but has long been recognized as a mineralogic abnormality in 
diamond exploration (Sobolev, 1977).  Group C is predominantly comprised of 













Figure 3.3 Graphical representation of major- and trace-
elemental loadings for Fig. 3.2.  Plus (+) and minus (-) symbols 
reflect quadrants of Function 1 (X-axis) and Function 2 (Y-axis).  
Elements with a small contribution have not been labeled, but 
would plot near 0,0.  Titanium elemental substitutions most 





While low-grade diamonds have been recovered from the Osennaya pipe, the 
other three pipes are not known to contain any diamonds.  In some cases, all of 
the ilmenite compositions from an individual pipe fall completely within the 
confines of an individual group, but most pipes have a broader distribution and 
overlap with other groups.  It is possible to obtain a similar distribution and 
groupings with a DFA that utilizes only Sc, V, Cr, Mn, Co, Ni, Cu, Zn, Zr, Nb, Sn, 
Hf, and Ta obtained from LA-ICP-MS analysis as illustrated in Figure 3.4 using 
the combination of elemental loadings shown in Table 3.5.  Function 1 (X-axis) 
accounts for 40.4 % of the observed variance, has a Wilks’ Lambda of 0.026, Chi 
Square of 1447.1, 156 degrees of freedom, and a P-value <<0.01.  Function 2 
(Y-axis) accounts for an additional 31.0 % (cumulative total of 71.4 %), has a 
Wilks’ Lambda of 0.087, Chi Square of 965.8, 132 degrees of freedom, and a P-
value <<0.01. The removal of the major-elements from this DFA has resulted in a 
different projection from Figure 3.2 and reduced within group dispersion of many 
pipes, but Groups A, B, and C are still easily distinguished and the pipes that are 
found within each group has remained the same.  Figure 3.5 illustrates that Nb, 
Hf, Ta, and V are now the most influential elements in this DFA.  Even though the 
other elements do not appear to be influencing the final plot as much as the Nb, 
Hf, Ta, and V, their contributions are important to the overall analyses and final 
point-cloud distribution. 
A Discriminant Function Analysis was also used to explore the relationship 




Figure 3.4  Discriminant Function Analysis plot using elemental ilmenite 
concentrations obtained by LA-ICP-MS and associated with individual 
kimberlite pipes.  Three distinct groups; A, B, and C can still be identified. 




Table 3.5 Discriminant Function Analysis elemental loadings for Fig. 3.4; 
Function 1 (X-axis) and Function 2 (Y-axis). 
Element Function 1 Function 2 
Sc 0.224 0.623 
V -0.898 -0.394 
Cr 0.013 0.046 
Mn 0.526 0.136 
Co 0.058 1.278 
Ni 0.163 -0.478 
Cu -0.082 -0.002 
Zn 0.106 0.088 
Zr 0.330 -1.072 
Nb 1.867 2.359 
Sn 0.312 0.111 
Hf -1.124 2.418 


















Figure 3.5 Graphical representation of major- and trace-
elemental loadings for Fig. 3.4.  Plus (+) and minus (-) symbols 
reflect quadrants of Function 1 (X-axis) and Function 2 (Y-axis).  
Elements with a small contribution have not been labeled, but 
would plot near 0,0.  Titanium elemental substitutions most 






Figure 3.6  Discriminant Function Analysis plot using elemental ilmenite 
concentrations obtained by EMP and LA-ICP-MS and associated with 
diamond-grade or the absence of diamonds.  Three groups can be 
identified that correspond to no diamonds, low- to medium-grade 
diamonds, and medium- to high-grade diamonds. Dashed lines are for 
illustrative purposes only and do not indicate an exact boundary. 
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Since a grade of zero was included to designate the absence of diamond, this 
analysis can also be used as an indicator of the presence and/or absence of 
diamond.  Elemental loadings for Function’s 1 and 2 can be found in Table 3.6 
and are illustrated in Figure 3.7.  Function 1 (X-axis) accounts for 67.0 % of the 
observed variance, has a Wilks’ Lambda of 0.240, Chi Square of 568.0, 54 
degrees of freedom, and a P-value <<0.01.  Function 2 (Y-axis) accounts for an 
additional 25.7 % (cumulative total of 92.7 %), has a Wilks’ Lambda of 0.570, Chi 
Square of 223.9, 34 degrees of freedom, and a P-value <<0.01.  The analysis 
results, presented in Figure 3.6, once again utilized Fe, Fe3+ (calculated), Mg, Al, 
and Ti abundances obtained through EMP analysis and Sc, V, Cr, Mn, Co, Ni, 
Cu, Zn, Zr, Nb, Sn, Hf, and Ta, acquired by LA-ICP-MS analysis.  Although there 
is considerable overlap, three groups can be identified; a group comprised 
primarily of no-diamond compositions, a low- and medium-grade group, and a 
group dominated by high- and medium-grade compositions, with some low-grade 
and no-diamond compositions also present.  The elemental loadings illustrated in 
Figure 3.7 indicate that Mg, Fe, Fe3+, Ta, Nb, and Hf are the most significant 
influences on the axes, but the other elements also influence the final point-cloud 
distribution.  Repeating the DFA using only the LA-ICP-MS data, Figure 3.8, 
results in slightly better statistical results.  Elemental loadings for these axes are 
presented in Table 3.7.  Function 1 (X-axis) accounts for 68.1 % of the observed 
variance, has a Wilks’ Lambda of 0.318, Chi Square of 459.4, 39 degrees of 
freedom, and a P-value <<0.01.  Function 2 (Y-axis) accounts for an additional  
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Table 3.6 Discriminant Function Analysis elemental loadings for Fig. 3.6; 
Function 1 (X-axis) and Function 2 (Y-axis). 
Element Function 1 Function 2 
Ti 0.005 0.077 
Al -0.106 0.446 
Mg -5.050 3.172 
Fe
2+
 -3.773 3.146 
Fe
3+
 -2.758 2.598 
Sc 0.593 -0.145 
V -0.248 -0.800 
Cr -0.493 -0.024 
Mn 0.099 0.332 
Co 1.556 -0.363 
Ni -0.239 0.986 
Cu 0.054 0.076 
Zn -0.005 0.000 
Zr -1.590 -0.113 
Nb 1.494 1.716 
Sn -0.597 0.237 
Hf 2.903 1.224 





Figure 3.7 Graphical representation of major- and trace-
elemental loadings for Fig. 3.6.  Plus (+) and minus (-) symbols 
reflect quadrants of Function 1 (X-axis) and Function 2 (Y-axis).  
Elements with a small contribution have not been labeled, but 
would plot near 0,0.  Titanium and iron elemental substitutions 





Figure 3.8  Discriminant Function Analysis plot using elemental ilmenite 
concentrations obtained by LA-ICP-MS and associated with diamond-grade 
or the absence of diamonds.  Three groups can still be identified that 
correspond to no diamonds, low- to medium-grade diamonds, and medium- 
to high-grade diamonds. Dashed lines are for illustrative purposes only and 
do not indicate an exact boundary. 
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Table 3.7 Discriminant Function Analysis elemental loadings for Fig. 3.8; 
Function 1 (X-axis) and Function 2 (Y-axis). 
Element Function 1 Function 2 
Sc 0.436 -0.101 
V -0.154 -0.792 
Cr 0.393 -0.358 
Mn 0.042 0.171 
Co 1.290 -0.267 
Ni -0.707 0.724 
Cu 0.009 0.047 
Zn 0.072 0.044 
Zr -0.850 -0.255 
Nb 1.585 2.042 
Sn -0.293 0.398 
Hf 2.369 1.427 
Ta -3.363 -2.437 
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27.8 % (cumulative total of 95.3 %), has a Wilks’ Lambda of 0.655, Chi Square of 
169.3, 24 degrees of freedom, and a P-value <<0.01.  The same three groups 
identified in Figure 3.6 can be seen in Figure 3.8, with a minor reduction in group 
overlap.  In this analysis, Ta, Hf, Nb, and Co most significantly influence the axes 
as is illustrated in Figure 3.9, but all elemental variables influence the final point-
cloud distribution. 
 Additional DFA were conducted to explore the relationship between 
ilmenite compositions and the “diamondiferousness” of the kimberlite pipe, 
although it was expected that this analysis should produce results similar to 
those already obtained.  The first utilized Fe, Fe3+ (calculated), Mg, Al, and Ti 
abundances obtained through EMP analysis and Sc, V, Cr, Mn, Co, Ni, Cu, Zn,  
Zr, Nb, Sn, Hf, and Ta acquired by LA-ICP-MS analysis.  The results are 
presented in Figure 3.10, and elemental loadings of the axes are listed in Table 
3.8.  Function 1 (X-axis) accounts for 58.5 % of the observed variance, has a 
Wilks’ Lambda of 0.078, Chi Square of 1012.1, 72 degrees of freedom, and a P-
value <<0.01.  Function 2 (Y-axis) accounts for an additional 26.2 % (cumulative 
total of 84.7 %), has a Wilks’ Lambda of 0.274, Chi Square of 514.5, 51 degrees 
of freedom, and a P-value <<0.01.  The results in Figure 3.10 indicate that 
significant overlap exists between ilmenites associated with a 
“diamondiferousness” of 0, 1, and 4 within the general confines of the 0 cluster.  







Figure 3.9 Graphical representation of major- and trace-
elemental loadings for Fig. 3.8.  Plus (+) and minus (-) symbols 
reflect quadrants of Function 1 (X-axis) and Function 2 (Y-axis).  
Elements with a small contribution have not been labeled, but 
would plot near 0,0.  Titanium elemental substitutions most 






Figure 3.10  Discriminant Function Analysis plot using elemental ilmenite 
concentrations obtained by EMP and LA-ICP-MS and associated with 
diamondiferousness.  Three groups can be identified, one corresponds 
with the range of the 0 cluster with overlap from 1 and 4, another group is 
primarily made up of the 1 and 4 clusters with a few 10, and a group made 
up of clusters 5 and 10 . Dashed lines are for illustrative purposes only and 
do not indicate an exact boundary. 
119 
 
Table 3.8 Discriminant Function Analysis elemental loadings for Fig. 3.10; 
Function 1 (X-axis) and Function 2 (Y-axis). 
Element Function 1 Function 2 
Ti 1.018 0.594 
Al -0.191 -0.208 
Mg -2.971 -7.186 
Fe
2+
 -2.531 -5.670 
Fe
3+
 -2.008 -3.734 
Sc -0.079 0.607 
V -0.678 -0.684 
Cr -0.282 -0.735 
Mn -0.079 0.056 
Co -0.108 1.640 
Ni -0.032 -0.250 
Cu 0.025 0.079 
Zn 0.111 0.057 
Zr 0.772 -1.371 
Nb 1.170 2.407 
Sn 0.729 -0.273 
Hf -1.287 2.680 
Ta 0.009 -3.485 
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continue to have considerable overlap outside of the range of the 0 cluster, and 
contain a few 10 values.  The pipes assigned a 5 or 10 value are much more 
separated than the other clusters, have fewer overlapping compositions, and are 
generally distinct from the 0, 1, and 4 clusters.  Mg, Fe, and Fe3+ are the most 
significant elements in this analysis as is shown in Figure 3.11, but Hf, Nb, and 
Ta are also conspicuous, and all elements influence the final plot.  Repeating the 
analysis using only the LA-ICP-MS data does not significantly improve the 
statistical results as seen in Figures 3.10 and 3.12.  Elemental loadings for this 
analysis are listed in Table 3.9 and illustrated in Figure 3.13.  Function 1 (X-axis) 
accounts for 57.5 % of the observed variance, has a Wilks’ Lambda of 0.139, Chi 
Square of 788.3, 52 degrees of freedom, and a P-value <<0.01.  Function 2 (Y-
axis) accounts for an additional 28.0 % (cumulative total of 85.5 %), has a Wilks’ 
Lambda of 0.376, Chi Square of 390.8, 36 degrees of freedom, and a P-value 
<<0.01.  Hf, Ta, Nb, and V are the most significant elemental variables in this 






Figure 3.11 Graphical representation of major- and trace-elemental 
loadings for Fig. 3.10.  Plus (+) and minus (-) symbols reflect 
quadrants of Function 1 (X-axis) and Function 2 (Y-axis).  
Elements with a small contribution have not been labeled, but 
would plot near 0,0.  Iron and titanium elemental substitutions 






Figure 3.12  Discriminant Function Analysis plot using elemental ilmenite 
concentrations obtained by LA-ICP-MS and associated with 
“diamondiferousness”.  Three groups can be identified, one corresponds 
with the range of the 0 cluster with overlap from 1 and 4, a second group is 
primarily made up of the 1 and 4 clusters with a few 10, and group made up 
of clusters 5 and 10 . Dashed lines are for illustrative purposes only and do 





Table 3.9 Discriminant Function Analysis elemental loadings for Fig. 3.12; 
Function 1 (X-axis) and Function 2 (Y-axis). 
Element Function 1 Function 2 
Sc 0.025 0.519 
V -0.699 -0.768 
Cr -0.365 0.173 
Mn 0.261 0.247 
Co -0.397 1.182 
Ni 0.563 -0.347 
Cu 0.029 0.038 
Zn 0.141 0.186 
Zr 0.184 -0.963 
Nb 0.728 2.641 
Sn 0.240 -0.125 
Hf -1.394 2.166 








Figure 3.13 Graphical representation of major- and trace-
elemental loadings for Fig. 3.12.  Plus (+) and minus (-) symbols 
reflect quadrants of Function 1 (X-axis) and Function 2 (Y-axis).  
Elements with a small contribution have not been labeled, but 
would plot near 0,0.  Titanium elemental substitutions most 





 Ilmenite compositions vary between Fe-rich (FeTiO3) and Mg-rich 
(MgTiO3) end-members and hematite (Fe2O3) [Mitchell, 1986].  Compositional 
ranges and trends between these end-members have been used to identify the 
source-rocks associated with ilmenites for many years [e.g., Lovering and 
Widdowson, 1968; Mitchell, 1977; Moore, 1987; Sobolev and Yefimova, 2000; 
and Kostrovitsky et al., 2006].  These ranges and trends primarily result from the 
substitution of Mg2+ for Fe2+, but Mn2+, Ni2+, Co2+, Zn2+, and Cu2+ are also found 
within these ilmenites in minor and trace amounts.  Increases in the oxygen 
fugacity of the melt or subsequent alteration by metasomatic fluids can influence 
the composition of the ilmenite through enrichment in the Fe2O3 component.  
This results in increased amounts of Fe3+ that is incorporated into the ilmenite 
lattice structure.  Under these circumstances, the Al3+, Cr3+, V3+, and Sc3+ present 
can substitute for Fe3+.  Substitution for the Ti4+ by Zr4+, Hf4+, and Sn4+ are 
observed in these ilmenite compositions, as is the similarly sized Nb5+ and Ta5+ 
despite the charge difference.   
 Moore [1987] grouped ilmenites based on composition and petrography.  
He identified kimberlitic discrete nodules as those that contain 7 -14 wt % MgO 
and <1 wt % Cr2O3, metasomatic ilmenites as enriched in both Cr2O3 (~5.5 wt %) 
and MgO (~15 – 16 wt %), mica-amphibole-rutile-ilmenite-diopside (MARID) suite 
ilmenites were distinguished by their very low Al2O3 content (~0.04 wt %), the 
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ilmenites from peridotites could be identified by a higher Al2O3 content (~0.36 wt 
%), and diamond inclusion ilmenites are close to pure FeTiO3 with very low Cr2O3 
(i.e. 0.01 - 2.5 wt %, but typically <0.5), although some have been identified with 
enriched MgO contents (up to 13 %).  According to the ranges of TiO2, FeO, 
Cr2O3, MgO, and Al2O3 used by Moore [1987], all of the pipes in this study 
contain ilmenites representing kimberlitic discreet nodules.   Only Udachnaya 
and Molodost contained any ilmenite grains that correspond with a MARID suite 
composition.  All of the pipes except Elektra, Festivalnaya, and Tayejnaya 
contain ilmenite compositions associated with diamond inclusions, but each of 
these pipes is known to contain diamonds, and many of the other pipes do not.  
All pipes except Elektra, Festivalnaya, Jila-70, Popugaevoi, and Tayejnaya 
contain ilmenites related to peridotites, making this group another mix of pipes 
that are known to contain and not contain diamonds.  Only Festivalnaya, 
Irelyhkskaya, Jila-70, Molodost, Popugaevoi, and Tayejnaya have ilmenite 
compositions that are related to metasomites, but this again mixes diamond-
bearing and non-diamond-bearing pipes.  Using these associations and the 
information in Table 1, it quickly becomes apparent that the pipes with diamonds 
and those that are barren of diamonds are not readily distinguished from these 
values; let alone any kind of suggestion relating to grade or 
“diamondiferousness”. 
Gurney and Zweistra [1995] suggested that high Fe2O3 (20 - 40 wt %) 
content associated with low-MgO (0 - 5 wt %) signified no diamond preservation 
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potential, and followed a convex curve to low-Fe2O3 (~5 - 10 wt %) with high-
MgO (~12 - 16 wt %) values and high preservation potential in African 
kimberlites. But, they noticed that the Mir kimberlite in the Mirny region of Siberia 
didn’t correlate with this observation.  We have explored the premise that Fe2O3 
content plays an important role on diamond preservation by examining the range 
of Fe2O3 wt % values and their one sigma (1σ) distribution within the kimberlites 
of this study.  The pipes without any known diamonds are identified as those with 
a 1σ range of ~7 - 14 wt % Fe2O3.  Kimberlites with low-grade diamonds fall 
between ~12 - 18, medium-grade ~9.5 - 16, and high-grade ~12 - 18.5 wt % 
Fe2O3.  This study suggests considerable overlap between Fe2O3 content and 
diamond-grade of these kimberlites.  Since kimberlites with and without 
diamonds have been identified at both ends of the Fe2O3 – MgO spectrum of 
Gurney and Zweistra, [1995], we support the statement of Schulze et al. [1995], 
in that ilmenite Fe2O3 content is not a good indicator of the diamond preservation 
potential of a kimberlite.  However, there does appear to be a roughly southwest 
to northeast increasing Fe2O3 trend across the Daldyn-Alakit region that may be 
reflecting oxidizing conditions in the subsurface.  
Elemental variability within the ilmenites may reflect the original melt it 
crystallized from or interaction with metasomatic fluids, including the kimberlite 
melt.  Three populations can be identified with respect to Cr content; low, 
medium, and high. Haggerty [1975] suggested that during crystallization from a 
kimberlitic melt, higher Mg and lower Cr concentrations occur early in the 
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process, gradually transitioning to intermediate values, and then to lower Mg and 
increasing Cr.  However, some researchers [Gurney et al. 1979; Pasteris et al. 
1979; and Schulze et al. 1984] have found that only part of the trend is observed 
in ilmenites from individual pipes.  Regrettably, these authors disagree on the 
crystallization histories of the ilmenite and whether or not they formed early, 
throughout, or late in the sequence.  Ilmenite was not recognized by Liu et al. 
[2009] in their diamondiferous eclogite, and Cr concentrations were very low in 
the garnets and pyroxenes they analyzed (i.e. <0.09 wt % Cr2O3).  Since Cr can 
be locally abundant in peridotites, the ilmenites with the lowest Cr content may 
reflect metasomatic alteration and crystallization of ilmenite in eclogites.  
Ilmenites with medium- and high-Cr content probably represent crystallization 
trends of the kimberlite melt, of peridotites with abundant chromite, or 
metasomatism as described by Rehfeldt et al. [2007] for Fe-rich dunite xenoliths 
from South Africa kimberlites that produced Ilmenite and phlogopite at the 
expense of Cr-rich spinel. 
 The Nb/Ta ratios in Table 3.3 generally correlate with diamond potential.  
Kimberlite Pipes with a value of < 9.0 are barren, 9.0 – 10 generally have low to 
medium grade diamonds, and pipes > 10.0 have medium to high grade 
diamonds.  Aulbach et al. [2008] suggested that increases in Nb/Ta ratios in 
eclogites indicated longer residence times in metasomatic fluids, and Liu et al. 
[2009] has suggested that all eclogitic diamonds are only formed by metasomatic 
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fluids.  Therefore, elevated Nb/Ta ratios in ilmenites may also reflect extended 
residence time and periods of diamond formation.   
The Discriminant Function Analysis method we utilized appears to provide 
a much better correlation between kimberlite pipes based primarily on their 
titanium trace-element concentrations and the presence of diamonds, but it is not 
a perfect fit.  Ilmenites from each pipe probably represent more than one source 
or have been modified to different degrees.  The first set of analyses (Figs. 3.2 
and 3.4) identified three groups of ilmenites based on their compositions and the 
kimberlite pipe, but all pipes have some compositions that plot in at least one 
other group.  This may indicate that different ilmenite-bearing rock types have 
been sampled and/or crystallized during ascent of the kimberlites.  The two pipes 
that distinctly make up Group A are both from the Mirny Field, hinting at a 
possible geographic constraint on ilmenite compositions, except that several 
Udachnaya (Daldyn-Alakit Field) ilmenite compositions are also included within 
this group.  It is also possible that Group A should be split into two groups, one 
that includes ilmenite compositions from XXIII Congress and Udachnaya, and 
another from Tayejnaya.  Regardless, this suggests a common source for the 
ilmenites between the two regions at depth that was transported within the 
kimberlites.  The only pipe that contains a majority of ilmenite compositions within 
Group B and does not contain known diamonds is Zagadochnaya.   
There are three possible scenarios for this correlation; 1) Zagadochnaya 
has diamonds that have not been sampled to date, which would corroborate 
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other geochemical evidence from Sobolev [1977]; 2) the kimberlite sampled a 
volume of ilmenite-bearing, diamond-barren rock at depth; or 3) the diamonds 
that were present were destroyed in the kimberlite melt during ascent.  The wide 
range in abundance and diamond-grade that is encompassed by Group B may 
indicate that the preservation potential of diamond in the kimberlite varies from 
pipe to pipe despite proximity.  Group C is made up of pipes that are not known 
to contain diamonds, except for Osennaya, which has low-grade diamonds.  The 
ilmenites in this group may represent a separate rock type, magma, or 
preservation potential from the other groups that have been recorded in the 
composition of the ilmenites.  Several compositions from Zagadochnaya also fall 
within this group which may indicate that these ilmenites record a low 
preservation potential within these pipes. 
 The second set of analyses (Figs. 3.6 and 3.8) identified three groups of 
ilmenites based on their compositions and the grade of diamonds associated with 
that pipe, but again, all pipes have compositions that plot in the other groups.  
This analysis was also highly dependent on the titanium trace-element 
concentrations.  The inclusion of a “No diamonds” grade in this analysis also 
distinguishes this as a method to determine if diamonds are present or absent.  
Although there is overlap between these groups, distinct clusters identifying no 
diamonds, low- to medium-grade diamonds and low- to high-grade diamonds are 
easily distinguished.  This set of analyses reinforces the idea that there are three 
distinct ilmenite populations in this study. 
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 The third set of analyses (Figs. 3.10 and 3.12) identified three groups of 
ilmenites based primarily on the titanium trace-element concentrations and the 
“diamondiferousness” of the kimberlite pipes.  As one would expect, the three 
groups are once again identified and have minor overlap between each group.  
As recognized in the first set of analyses, the group of pipes with a corresponding 
“diamondiferousness” of 5 and 10 seem to form two distinct clusters.  Since a 
“diamondiferousness” of 5 is restricted to the Tayejnaya kimberlite, it would 
appear that this pipe is compositionally different from the others and may reflect 




A Discriminant Function Analysis of ilmenite trace-element contents 
provides a method that can be used to distinguish between diamond and non-
diamond-bearing kimberlite pipes with reasonable accuracy, and can provide 
insight into the potential grade and “diamondiferousness” of those kimberlite 
pipes.  The titanium trace-elements, Nb, Ta, Hf, Zr, and/or V from each of these 
analyses have been identified as the primary influential contributors to the DFA 
axes.  However, it is the combination of Sc, V, Cr, Mn, Co, Ni, Cu, Zn, Zr, Nb, Sn, 
Hf, and Ta that ultimately influence these multi-variant analyses.  This method, in 
conjunction with geochemical analyses of kimberlitic garnets and chromites, 
should be able to save considerable time and resources during the diamond 
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exploration stage on the Siberian craton.  For further verification, this ilmenite-
method should be applied to other cratons, using locally collected ilmenites from 
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EMP Ilmenite analyses from the XXIII Congress kimberlite pipe.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
               1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.10 0.11 0.10 0.12 0.07 0.06 0.07 0.08 0.14 0.07 0.08 0.07 
SiO2 0.03 0.05 0.30 0.03 0.03 0.03 0.11 <0.03 0.34 0.03 <0.03 <0.03 
TiO2 48.6 48.4 47.8 46.0 54.2 48.5 49.8 48.1 45.5 48.6 49.2 48.2 
ZrO2 <0.03 0.03 <0.03 0.04 0.03 0.05 0.03 0.05 0.05 <0.03 0.04 0.03 
Al2O3 0.71 0.69 0.80 0.59 0.26 0.67 0.52 0.66 0.81 0.68 0.74 0.69 
V2O3 0.08 0.05 0.14 0.12 <0.03 <0.03 0.08 <0.03 0.04 <0.03 <0.03 <0.03 
Cr2O3 0.13 0.16 0.13 0.19 0.39 0.15 1.30 0.10 0.19 0.17 0.18 0.12 
MgO 9.16 8.74 8.87 7.53 12.9 8.78 11.6 8.47 7.36 9.30 11.1 8.85 
CaO <0.03 <0.03 0.03 0.01 0.04 0.03 0.06 <0.03 0.04 0.03 0.03 <0.03 
MnO 0.20 0.20 0.19 0.20 0.47 0.21 0.37 0.21 0.21 0.21 0.42 0.20 
FeO 27.3 27.9 27.4 27.8 25.3 27.8 23.9 28.1 28.1 26.9 24.0 27.3 
*Fe2O3 13.1 13.4 13.9 16.8 6.88 13.4 11.7 14.1 16.7 13.4 14.2 14.1 
NiO 0.08 0.06 0.07 0.06 0.11 0.09 0.10 0.06 <0.03 0.11 0.13 0.08 
             Total 99.5 99.8 99.8 99.5 100.7 99.8 99.6 99.9 99.4 99.6 100.0 99.6 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.11 0.10 0.09 0.08 0.07 0.07 0.09 0.14 0.07 0.11 0.08 0.08 
SiO2 0.03 0.07 <0.03 0.30 <0.03 0.04 0.03 0.03 0.04 <0.03 0.05 0.04 
TiO2 46.9 48.3 47.2 47.7 47.3 47.6 48.3 47.4 47.2 48.2 48.6 48.1 
ZrO2 0.04 0.04 0.03 0.04 <0.03 0.06 <0.03 0.03 0.03 0.04 0.04 0.04 
Al2O3 0.65 0.73 0.70 0.81 0.70 0.72 0.66 0.64 0.72 0.64 0.70 0.65 
V2O3 <0.03 <0.03 0.04 0.05 0.08 <0.03 0.31 <0.03 0.08 <0.03 <0.03 <0.03 
Cr2O3 0.12 0.15 0.13 0.11 0.11 0.09 0.11 0.21 0.08 0.05 0.13 0.10 
MgO 8.88 8.86 8.92 8.93 8.53 8.63 8.94 8.57 8.62 8.97 9.28 8.96 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 0.03 
MnO 0.22 0.21 0.19 0.22 0.21 0.17 0.21 0.21 0.18 0.21 0.21 0.22 
FeO 26.3 27.5 26.4 27.1 27.1 27.3 27.4 27.2 26.9 27.2 27.0 27.2 
*Fe2O3 15.3 13.5 14.8 14.3 15.0 14.8 14.0 15.2 16.2 14.6 13.9 14.8 
NiO 0.06 0.05 0.10 0.07 0.07 0.07 0.08 0.06 0.08 0.08 0.10 0.07 
             Total 98.6 99.6 98.5 99.7 99.2 99.6 100.2 99.8 100.2 100.2 100.1 100.3 
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EMP Ilmenite analyses from the XXIII Congress kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
               25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.11 0.12 0.12 0.10 0.15 0.01 0.27 0.05 0.19 0.15 0.16 0.11 
SiO2 0.03 0.04 0.03 0.04 <0.03 0.03 0.04 0.05 <0.03 <0.03 <0.03 0.06 
TiO2 46.8 47.7 48.0 45.8 51.4 48.2 44.1 48.4 51.0 53.4 51.6 47.6 
ZrO2 0.04 <0.03 0.05 0.05 0.07 <0.03 0.07 <0.03 0.05 <0.03 0.07 0.03 
Al2O3 0.77 0.68 0.73 0.63 0.25 0.69 0.60 0.76 0.47 0.33 0.47 0.67 
V2O3 0.10 <0.03 <0.03 0.08 <0.03 0.08 <0.03 <0.03 0.05 <0.03 0.07 0.06 
Cr2O3 0.16 0.11 0.13 0.25 0.25 0.20 2.68 0.26 0.26 0.18 0.16 0.16 
MgO 8.73 8.82 9.06 8.04 11.3 9.15 8.23 9.52 12.5 12.1 10.4 8.89 
CaO <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 <0.03 0.03 
MnO 0.19 0.20 0.23 0.19 0.39 0.20 0.26 0.22 0.33 0.33 0.25 0.20 
FeO 26.4 27.1 26.9 26.8 25.8 26.8 25.1 26.3 23.3 26.2 27.7 26.9 
*Fe2O3 16.9 14.6 14.9 18.2 10.0 14.3 18.5 14.3 11.2 7.10 8.99 15.3 
NiO 0.06 0.06 0.07 0.07 0.05 0.09 0.11 0.09 0.15 0.19 0.09 0.07 
             Total 100.3 99.5 100.3 100.2 99.7 99.7 99.9 100.0 99.6 100.0 100.0 100.0 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.07 0.08 0.17 0.08 0.08 0.12 0.15 0.06 0.07 0.18 0.04 0.13 
SiO2 0.05 0.03 0.04 0.03 0.03 0.06 0.07 0.04 <0.03 0.07 0.06 0.06 
TiO2 48.1 47.9 52.2 47.6 48.1 47.7 45.7 46.6 48.4 46.3 47.9 46.5 
ZrO2 0.05 <0.03 0.04 <0.03 0.05 0.05 0.03 0.04 0.05 0.04 <0.03 0.05 
Al2O3 0.67 0.68 0.43 0.75 0.76 0.67 0.58 0.72 0.69 0.60 0.67 0.64 
V2O3 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.04 0.03 <0.03 <0.03 0.03 <0.03 
Cr2O3 0.09 0.10 0.13 0.11 0.15 0.12 0.11 0.09 0.14 0.18 0.13 0.16 
MgO 9.01 9.04 12.1 8.98 9.07 8.95 7.87 8.58 9.16 7.66 8.98 8.27 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 
MnO 0.20 0.21 0.35 0.18 0.20 0.19 0.21 0.20 0.20 0.18 0.21 0.20 
FeO 27.1 26.8 25.2 26.6 27.0 26.8 27.1 26.5 27.0 28.1 26.9 27.1 
*Fe2O3 14.4 15.0 9.36 14.5 13.9 14.3 17.2 15.8 13.8 15.9 14.1 15.5 
NiO 0.07 0.07 0.11 0.07 0.10 0.10 0.05 0.09 0.11 0.06 0.10 0.05 
             Total 99.8 99.9 100.2 99.0 99.5 99.1 99.1 98.7 99.7 99.3 99.2 98.7 
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EMP Ilmenite analyses from the XXIII Congress kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods. 
<0.03 indicates an EMP value below detection limits.   














  Total 98.9 
















EMP Ilmenite analyses from the Elektra kimberlite pipe.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
               1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.21 0.44 0.42 0.17 0.31 0.37 0.45 0.22 0.16 0.33 0.28 0.21 
SiO2 0.04 0.04 0.06 0.05 <0.03 <0.03 <0.03 0.05 <0.03 <0.03 0.05 0.04 
TiO2 50.4 44.5 44.9 49.0 47.2 46.7 44.9 49.2 50.7 47.5 47.1 47.5 
ZrO2 0.04 0.10 0.08 0.05 0.08 0.09 0.10 0.05 <0.03 0.07 0.06 0.08 
Al2O3 0.52 0.44 0.50 0.56 0.52 0.65 0.48 0.57 0.53 0.57 0.52 0.55 
V2O3 <0.03 0.04 0.13 0.27 <0.03 0.06 <0.03 <0.03 <0.03 0.05 <0.03 <0.03 
Cr2O3 0.48 1.34 1.26 0.47 0.90 1.43 1.22 0.51 0.53 0.94 0.94 0.85 
MgO 10.3 7.78 7.75 10.3 8.84 9.79 7.58 9.70 10.5 8.66 8.71 9.06 
CaO 0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 0.03 <0.03 
MnO 0.25 0.25 0.29 0.23 0.25 0.22 0.25 0.23 0.25 0.25 0.26 0.26 
FeO 26.84 26.40 26.70 25.58 26.77 24.69 27.11 26.91 26.80 27.33 26.85 26.51 
*Fe2O3 11.3 18.8 18.0 12.6 14.8 15.8 18.0 12.5 10.8 14.7 15.1 14.8 
NiO 0.07 0.08 0.11 0.09 0.06 0.10 0.06 0.08 0.10 0.10 0.11 0.12 
             Total 100.4 100.2 100.2 99.4 99.7 100.0 100.1 100.0 100.3 100.5 100.0 100.0 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.34 0.10 0.37 0.25 0.30 0.29 0.29 0.28 0.44 0.26 0.15 0.16 
SiO2 <0.03 <0.03 <0.03 0.03 0.04 0.04 0.04 0.04 <0.03 0.04 <0.03 0.05 
TiO2 46.6 50.9 45.1 49.1 47.3 47.1 47.1 47.4 44.5 48.2 50.6 49.9 
ZrO2 0.10 0.03 0.07 0.04 0.07 0.07 0.08 0.07 0.10 0.06 0.05 0.04 
Al2O3 0.56 0.57 0.57 0.53 0.56 0.53 0.55 0.55 0.43 0.56 0.57 0.58 
V2O3 0.06 <0.03 <0.03 <0.03 <0.03 0.03 0.06 <0.03 0.10 0.15 <0.03 <0.03 
Cr2O3 0.94 0.71 1.35 0.53 0.89 0.94 0.87 0.90 1.19 0.60 0.57 0.44 
MgO 8.63 11.0 7.70 9.87 9.12 9.02 8.73 9.11 7.57 9.49 10.7 10.5 
CaO <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.03 
MnO 0.24 0.22 0.27 0.24 0.24 0.23 0.25 0.23 0.25 0.24 0.23 0.23 
FeO 26.6 26.0 26.9 26.6 26.3 26.4 26.9 26.5 26.7 26.4 26.4 26.0 
*Fe2O3 15.9 9.9 17.3 13.0 15.0 15.4 15.1 14.8 18.6 14.0 10.6 12.1 
NiO 0.10 0.13 0.07 0.08 0.10 0.07 0.08 0.09 0.08 0.07 0.10 0.10 
             Total 100.0 99.7 99.7 100.4 99.9 100.1 100.1 100.0 100.1 100.1 100.0 100.2 
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EMP Ilmenite analyses from the Elektra kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
               25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.34 0.23 0.42 0.46 0.26 0.39 0.31 0.42 0.16 0.44 0.45 0.31 
SiO2 0.05 <0.03 0.03 0.03 0.04 <0.03 0.05 <0.03 0.03 <0.03 0.03 0.04 
TiO2 46.9 48.5 45.0 44.3 47.1 45.3 47.8 44.7 49.8 45.4 44.8 46.6 
ZrO2 0.08 0.06 0.12 0.12 0.08 0.09 0.06 0.12 0.06 0.10 0.10 0.08 
Al2O3 0.53 0.53 0.54 0.47 0.56 0.54 0.58 0.48 0.56 0.55 0.52 0.53 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.89 0.57 1.37 1.24 0.93 1.31 0.79 1.26 0.47 1.31 1.24 0.95 
MgO 8.64 9.67 7.80 7.61 8.97 7.97 9.03 7.80 10.1 8.07 7.64 8.88 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.03 
MnO 0.26 0.24 0.27 0.26 0.25 0.25 0.25 0.25 0.24 0.24 0.25 0.23 
FeO 26.91 26.37 26.80 26.53 26.43 26.74 26.99 26.55 26.75 26.68 26.88 26.17 
*Fe2O3 15.4 13.8 17.5 18.8 15.5 17.2 14.2 18.0 12.0 17.1 18.1 16.3 
NiO 0.08 0.08 0.07 0.07 0.05 0.09 0.09 0.09 0.09 0.10 0.07 0.10 
             Total 100.0 100.1 100.0 99.9 100.1 99.9 100.2 99.8 100.3 100.1 100.1 100.3 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.27 0.30 0.20 0.20 0.31 0.41 0.36 0.46 0.41 0.39 0.44 0.23 
SiO2 0.04 0.03 <0.03 0.06 <0.03 0.04 <0.03 0.04 <0.03 0.03 <0.03 0.04 
TiO2 47.4 47.0 48.1 49.8 47.2 44.7 45.6 44.3 44.1 45.1 44.7 49.2 
ZrO2 0.05 0.06 0.04 0.04 0.09 0.09 0.09 0.12 0.10 0.05 0.12 0.08 
Al2O3 0.55 0.54 0.55 0.55 0.55 0.48 0.53 0.45 0.48 0.49 0.50 0.56 
V2O3 <0.03 0.03 <0.03 <0.03 <0.03 0.23 0.11 0.05 0.52 <0.03 <0.03 0.12 
Cr2O3 0.89 0.91 0.69 0.54 0.88 1.25 1.31 1.17 1.19 1.52 1.24 0.56 
MgO 8.91 8.92 9.21 10.4 8.73 7.72 8.05 7.35 7.58 7.75 7.56 9.73 
CaO <0.03 0.04 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.25 0.23 0.24 0.25 0.26 0.26 0.27 0.26 0.23 0.28 0.26 0.22 
FeO 26.8 26.4 26.7 26.1 26.9 26.6 26.8 27.0 26.3 26.9 26.9 26.9 
*Fe2O3 14.5 15.4 13.9 11.6 14.8 18.3 16.8 18.4 18.5 17.1 17.6 12.7 
NiO 0.10 0.09 0.10 0.10 0.08 0.08 0.10 0.08 0.09 0.10 0.08 0.10 
             Total 99.7 100.0 99.7 99.8 99.8 100.2 100.1 99.7 99.5 99.8 99.5 100.4 
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EMP Ilmenite analyses from the Elektra kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
               49 50 51 52 53 54 55 56 57 58 59 60 
Nb2O5 0.38 0.30 0.17 0.25 0.35 0.29 0.17 0.33 0.35 0.41 0.42 0.31 
SiO2 0.03 0.03 0.07 0.03 0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.04 <0.03 
TiO2 44.3 47.3 50.9 47.3 44.8 47.0 50.4 47.0 46.7 45.1 44.5 46.3 
ZrO2 0.09 0.08 0.04 0.07 0.10 0.08 0.03 0.09 0.08 0.08 0.10 0.06 
Al2O3 0.52 0.54 0.67 0.55 0.56 0.54 0.64 0.54 0.67 0.50 0.44 0.54 
V2O3 1.14 <0.03 0.16 <0.03 0.87 0.22 <0.03 <0.03 0.77 0.16 <0.03 0.29 
Cr2O3 1.32 0.93 0.77 1.05 1.33 0.96 0.74 0.87 1.89 1.33 1.28 0.91 
MgO 7.58 8.91 11.2 8.65 8.14 8.83 10.8 8.72 10.2 8.03 7.33 8.50 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.26 0.25 0.20 0.27 0.26 0.25 0.22 0.25 0.23 0.26 0.24 0.26 
FeO 26.51 26.76 25.86 27.09 25.93 26.50 25.96 26.77 23.96 26.43 27.15 26.53 
*Fe2O3 17.9 14.9 10.2 14.7 17.7 15.0 11.0 15.2 14.8 17.3 18.0 15.3 
NiO 0.09 0.09 0.12 0.08 0.09 0.10 0.10 0.10 0.13 0.10 0.09 0.09 
             Total 100.2 100.1 100.3 100.0 100.1 99.7 100.0 99.8 99.8 99.8 99.6 99.1 
                          
               61 62 63 64 65 66 67 68 69 70 71 72 
Nb2O5 0.32 0.36 0.41 0.39 0.27 0.24 0.16 0.27 0.36 0.42 0.38 0.50 
SiO2 0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 0.04 <0.03 <0.03 <0.03 
TiO2 47.5 46.3 44.9 44.9 46.5 48.5 49.3 47.6 47.9 45.1 45.5 46.1 
ZrO2 0.07 0.08 0.10 0.08 0.09 0.03 0.05 0.05 0.07 0.10 0.07 0.12 
Al2O3 0.54 0.56 0.47 0.48 0.52 0.55 0.51 0.51 0.51 0.52 0.54 0.64 
V2O3 0.28 0.27 <0.03 0.30 <0.03 <0.03 <0.03 <0.03 0.30 <0.03 0.10 <0.03 
Cr2O3 0.92 0.93 1.49 1.24 0.87 0.62 0.52 1.29 2.08 1.30 1.53 1.33 
MgO 8.77 8.52 7.49 7.54 8.77 9.23 10.5 8.74 9.38 7.72 8.16 11.03 
CaO <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.25 0.24 0.26 0.25 0.25 0.24 0.28 0.26 0.28 0.26 0.27 0.29 
FeO 27.1 26.6 27.2 27.2 26.2 27.1 25.5 27.2 26.4 27.0 26.5 22.0 
*Fe2O3 14.2 16.0 17.7 17.6 15.7 13.2 12.6 13.3 13.1 17.4 16.4 17.7 
NiO 0.07 0.09 0.10 0.07 0.10 0.08 0.09 0.10 0.12 0.08 0.10 0.14 
             Total 100.0 99.9 100.1 100.1 99.4 99.8 99.6 99.4 100.5 99.9 99.6 99.8 
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EMP Ilmenite analyses from the Elektra kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
               73 74 75 76 77 78 79 80 81 82 83 84 
Nb2O5 0.27 0.27 0.45 0.31 0.18 0.17 0.31 0.25 0.17 0.34 0.43 0.32 
SiO2 0.05 <0.03 <0.03 0.03 0.05 0.05 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
TiO2 47.6 49.1 44.9 47.5 49.0 49.3 47.3 48.5 49.4 45.6 44.7 46.7 
ZrO2 0.06 0.05 0.08 0.06 0.06 0.05 0.07 0.06 0.05 0.10 0.13 0.10 
Al2O3 0.53 0.54 0.51 0.55 0.53 0.53 0.56 0.53 0.57 0.54 0.41 0.54 
V2O3 <0.03 <0.03 0.74 0.15 0.50 0.27 <0.03 0.04 <0.03 0.42 <0.03 0.04 
Cr2O3 0.92 0.53 1.26 0.90 0.55 0.52 0.96 0.47 0.51 1.32 1.21 0.91 
MgO 8.83 9.59 7.68 9.27 9.93 10.3 9.14 10.1 10.1 8.23 7.74 8.82 
CaO <0.03 0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.24 0.24 0.25 0.24 0.25 0.25 0.24 0.25 0.25 0.27 0.25 
FeO 27.13 27.03 26.91 26.21 26.30 25.94 26.29 25.66 26.37 26.44 26.59 26.33 
*Fe2O3 14.2 12.7 17.3 15.1 12.9 12.8 15.1 14.0 12.9 16.9 19.1 15.7 
NiO 0.12 0.10 0.09 0.08 0.09 0.10 0.08 0.07 0.11 0.09 0.06 0.10 
             Total 100.0 100.2 100.2 100.4 100.3 100.3 100.1 99.9 100.4 100.3 100.6 99.8 
                          
               85 86 87 88 89 90 91 92 93 94 
  Nb2O5 0.37 0.29 0.28 0.42 0.30 0.30 0.28 0.39 0.40 0.29 
  SiO2 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.03 <0.03 0.04 <0.03 
  TiO2 44.2 47.5 46.9 43.6 47.6 46.5 46.7 44.4 47.0 47.2 
  ZrO2 0.08 0.10 0.07 0.11 0.08 0.09 0.11 0.12 0.08 0.07 
  Al2O3 0.55 0.53 0.58 0.45 0.53 0.55 0.53 0.43 0.56 0.51 
  V2O3 1.14 <0.03 <0.03 0.66 <0.03 0.37 <0.03 0.74 <0.03 0.09 
  Cr2O3 1.31 0.94 0.89 1.38 0.80 0.93 0.89 1.31 2.17 0.90 
  MgO 8.02 9.22 9.05 7.60 9.44 9.19 8.97 7.60 9.26 9.04 
  CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
  MnO 0.26 0.22 0.27 0.27 0.25 0.26 0.23 0.23 0.28 0.25 
  FeO 25.6 26.3 26.0 25.8 26.0 25.5 26.1 26.5 25.9 26.4 
  *Fe2O3 18.9 15.3 16.3 19.9 15.3 16.6 16.0 19.0 15.1 15.5 
  NiO 0.10 0.10 0.09 0.07 0.10 0.11 0.07 0.08 0.14 0.09     




EMP Ilmenite analyses from the Festivalnaya kimberlite pipe.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.10 0.23 0.24 0.22 0.28 0.24 0.41 0.20 0.19 0.33 0.24 0.44 
SiO2 0.03 0.10 0.04 0.03 0.05 0.08 0.03 <0.03 <0.03 0.03 0.08 0.03 
TiO2 50.5 48.4 47.5 47.2 47.2 47.1 47.2 47.3 49.5 46.2 50.1 45.5 
ZrO2 0.03 0.06 0.08 0.07 0.05 0.07 0.06 0.07 0.03 0.06 0.04 0.12 
Al2O3 0.50 0.57 0.56 0.52 0.54 0.64 0.51 0.54 0.53 0.55 0.53 0.41 
V2O3 <0.03 <0.03 0.04 0.06 0.12 0.03 <0.03 <0.03 0.04 0.03 <0.03 0.04 
Cr2O3 0.37 0.59 0.91 1.18 1.00 1.30 0.75 0.71 0.36 1.33 0.58 0.61 
MgO 10.2 9.35 9.10 8.89 8.99 8.88 8.46 9.46 9.93 8.55 10.9 7.85 
CaO 0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.27 0.23 0.24 0.23 0.25 0.24 0.27 0.24 0.21 0.23 0.26 0.26 
FeO 27.0 27.0 26.5 26.5 26.5 26.6 27.5 25.6 26.7 26.4 25.7 27.2 
*Fe2O3 10.7 13.7 14.6 14.8 15.2 14.8 15.0 14.6 11.8 16.1 11.3 17.3 
NiO 0.07 0.09 0.12 0.11 0.10 0.10 0.08 0.08 0.09 0.10 0.11 0.05 
             Total 99.7 100.1 99.8 99.6 100.0 99.8 99.9 98.6 99.2 99.6 99.6 99.3 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.24 0.14 0.37 0.33 0.29 0.08 0.17 0.27 0.22 0.26 0.22 0.25 
SiO2 0.05 0.03 <0.03 0.04 <0.03 0.07 0.03 <0.03 0.03 <0.03 0.04 0.04 
TiO2 46.8 51.1 45.8 47.2 46.3 51.0 49.3 49.2 48.9 48.4 47.4 47.3 
ZrO2 0.05 0.04 0.10 0.07 0.08 0.03 0.06 0.05 0.05 0.09 0.07 0.07 
Al2O3 0.54 0.55 0.52 0.56 0.53 0.49 0.55 0.53 0.54 0.54 0.52 0.55 
V2O3 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 0.04 0.06 0.03 0.18 0.04 
Cr2O3 1.12 0.68 3.21 1.19 1.46 0.42 0.38 0.76 1.06 0.85 0.95 0.94 
MgO 8.97 10.9 8.72 8.96 8.77 10.4 9.70 9.79 9.69 9.74 8.97 8.83 
CaO <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 0.03 <0.03 0.06 0.03 
MnO 0.24 0.27 0.23 0.24 0.26 0.25 0.19 0.26 0.22 0.26 0.23 0.24 
FeO 26.1 26.3 25.8 26.6 26.0 27.1 27.0 26.7 26.7 26.1 26.6 26.9 
*Fe2O3 15.1 10.0 15.1 14.6 15.7 10.3 12.2 11.9 12.0 13.4 14.3 14.6 
NiO 0.10 0.09 0.13 0.11 0.11 0.08 0.07 0.12 0.10 0.09 0.08 0.08 
             Total 99.1 100.1 99.7 99.5 99.2 100.2 99.5 99.4 99.4 99.5 99.4 99.6 
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EMP Ilmenite analyses from the Festivalnaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.18 0.27 0.40 0.23 0.22 0.24 0.38 0.18 0.27 0.38 0.38 0.35 
SiO2 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 0.05 0.24 0.03 <0.03 <0.03 <0.03 
TiO2 49.1 47.7 46.4 46.6 47.6 49.7 45.9 50.8 46.4 47.6 46.1 46.4 
ZrO2 0.04 0.05 0.07 0.08 0.07 0.05 0.09 0.04 0.08 0.07 0.11 0.08 
Al2O3 0.54 0.55 0.57 0.55 0.52 0.55 0.48 0.64 0.55 0.51 0.52 0.53 
V2O3 <0.03 <0.03 0.44 <0.03 <0.03 <0.03 0.03 <0.03 0.51 <0.03 <0.03 0.06 
Cr2O3 0.56 0.85 2.61 1.18 1.02 0.60 2.74 0.71 1.24 0.77 0.74 2.64 
MgO 9.87 9.02 8.66 8.55 8.90 10.2 8.53 11.0 8.43 8.64 8.50 8.79 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.05 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.23 0.26 0.23 0.26 0.24 0.26 0.27 0.26 0.27 0.24 0.27 
FeO 26.5 26.8 26.4 26.6 26.9 26.4 26.3 26.2 26.7 27.5 26.5 26.0 
*Fe2O3 12.6 14.5 14.7 15.9 15.0 12.2 15.0 10.0 15.6 14.6 16.6 15.0 
NiO 0.08 0.10 0.13 0.11 0.10 0.07 0.13 0.11 0.12 0.07 0.08 0.15 
             Total 99.6 99.9 100.3 99.8 100.4 100.1 99.5 100.0 100.0 100.0 99.4 99.9 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.32 0.26 0.29 0.28 0.14 0.08 0.23 0.23 0.27 0.39 0.38 0.27 
SiO2 <0.03 0.06 <0.03 0.03 <0.03 0.12 0.05 0.05 0.05 <0.03 <0.03 0.07 
TiO2 46.7 47.1 47.2 47.4 50.5 50.5 49.4 47.1 47.4 45.6 45.8 47.2 
ZrO2 0.05 0.05 0.08 0.09 0.03 <0.03 0.03 0.05 0.08 0.11 0.09 0.05 
Al2O3 0.54 0.49 0.53 0.58 0.53 0.60 0.56 0.55 0.54 0.46 0.51 0.57 
V2O3 <0.03 <0.03 <0.03 0.16 <0.03 0.14 <0.03 0.14 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.57 1.65 1.65 0.93 0.60 0.35 0.38 0.96 1.00 3.05 2.76 1.05 
MgO 8.76 9.07 8.67 9.04 10.7 10.3 9.74 8.95 8.92 8.57 8.58 8.70 
CaO 0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.27 0.27 0.26 0.24 0.27 0.25 0.21 0.26 0.24 0.27 0.28 0.25 
FeO 26.3 26.1 26.9 26.5 26.2 26.8 27.1 26.3 26.8 25.8 26.0 27.0 
*Fe2O3 15.7 15.1 14.8 14.7 11.0 10.7 12.5 15.3 14.9 15.7 15.8 14.8 
NiO 0.11 0.13 0.11 0.11 0.10 0.10 0.07 0.11 0.09 0.13 0.15 0.08 
             Total 100.1 100.0 100.3 99.8 100.0 99.9 100.0 99.9 100.0 99.7 100.1 99.8 
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EMP Ilmenite analyses from the Festivalnaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  49 50 51 52 53 54 55 56 57 58 59 60 
Nb2O5 0.41 0.26 0.18 0.37 0.31 0.20 0.25 0.26 0.40 0.27 0.21 0.27 
SiO2 0.03 0.06 <0.03 <0.03 <0.03 0.16 0.20 <0.03 0.04 0.03 0.05 0.03 
TiO2 45.3 47.2 51.0 46.2 46.9 49.5 46.7 47.4 46.2 47.4 49.9 47.1 
ZrO2 0.09 0.07 0.04 0.08 0.06 0.04 0.06 0.05 0.05 0.07 0.06 0.08 
Al2O3 0.49 0.60 0.55 0.51 0.56 0.61 0.67 0.55 0.53 0.56 0.54 0.52 
V2O3 <0.03 <0.03 <0.03 <0.03 0.05 <0.03 <0.03 0.14 <0.03 <0.03 0.83 <0.03 
Cr2O3 2.96 0.95 0.72 2.70 0.99 0.38 1.34 1.03 2.58 0.91 0.63 0.99 
MgO 8.70 8.82 11.1 8.61 8.65 9.76 8.47 8.76 8.68 8.94 10.8 8.97 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 <0.03 <0.03 <0.03 <0.03 
MnO 0.27 0.26 0.25 0.27 0.23 0.23 0.25 0.23 0.27 0.23 0.26 0.22 
FeO 25.3 26.7 26.0 26.3 26.9 27.3 27.0 27.0 26.2 26.7 25.6 26.4 
*Fe2O3 16.4 15.1 10.1 15.5 14.9 11.9 15.0 14.7 14.6 14.9 11.4 15.2 
NiO 0.16 0.09 0.10 0.14 0.05 0.09 0.10 0.11 0.13 0.08 0.12 0.10 
             Total 99.6 99.8 99.9 100.3 99.3 100.0 99.8 100.0 99.3 99.8 100.2 99.5 
                          
               61 62 63 64 65 66 67 68 69 70 71 72 
Nb2O5 0.28 0.28 0.21 0.33 0.25 0.20 0.29 0.25 0.33 0.28 0.25 0.29 
SiO2 <0.03 <0.03 0.04 0.03 <0.03 <0.03 <0.03 0.04 0.06 0.05 0.03 0.09 
TiO2 46.3 47.3 48.5 46.8 47.6 50.7 47.7 47.5 47.1 46.4 47.7 46.6 
ZrO2 0.08 0.06 0.03 0.04 0.08 0.04 0.05 0.06 0.07 0.09 0.07 0.05 
Al2O3 0.55 0.55 0.57 0.56 0.52 0.55 0.56 0.54 0.54 0.57 0.54 0.57 
V2O3 0.52 <0.03 0.61 0.82 <0.03 <0.03 <0.03 0.48 0.06 0.73 0.78 1.10 
Cr2O3 1.29 0.93 0.41 1.23 1.16 0.55 0.94 1.03 1.23 1.16 1.27 1.00 
MgO 8.54 8.74 9.74 8.88 8.77 10.6 9.08 9.15 8.94 8.71 9.55 8.69 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 <0.03 <0.03 0.03 <0.03 
MnO 0.25 0.21 0.23 0.23 0.22 0.25 0.25 0.25 0.24 0.24 0.23 0.24 
FeO 26.4 27.0 26.3 26.3 27.1 26.7 26.7 26.4 26.6 26.3 25.8 26.5 
*Fe2O3 15.2 14.8 13.0 15.2 14.1 10.7 14.0 14.4 14.5 15.3 13.5 15.1 
NiO 0.10 0.08 0.05 0.11 0.11 0.08 0.12 0.10 0.11 0.10 0.11 0.10 
             Total 99.3 99.7 99.5 100.1 99.7 100.2 99.4 100.0 99.5 99.6 99.6 100.1 
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EMP Ilmenite analyses from the Festivalnaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  73 74 75 76 77 78 79 80 81 82 83 84 
Nb2O5 0.18 0.26 0.29 0.32 0.40 0.39 0.34 0.30 0.29 0.29 0.32 0.25 
SiO2 <0.03 <0.03 0.04 <0.03 <0.03 0.03 <0.03 0.05 <0.03 0.07 0.03 0.08 
TiO2 49.1 47.4 47.6 47.3 45.2 46.0 47.3 47.6 47.6 47.2 47.4 47.5 
ZrO2 <0.03 0.06 0.05 0.06 0.10 0.08 0.08 0.05 0.06 0.08 0.06 0.06 
Al2O3 0.56 0.53 0.56 0.53 0.45 0.54 0.53 0.58 0.52 0.56 0.54 0.59 
V2O3 0.21 0.08 0.31 <0.03 0.40 0.07 0.05 <0.03 0.21 <0.03 <0.03 0.06 
Cr2O3 0.41 1.08 0.91 1.66 3.79 2.62 1.52 0.90 0.86 1.08 1.34 1.08 
MgO 9.82 8.68 8.75 8.85 9.08 8.51 8.96 8.72 8.82 8.59 9.08 8.75 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.03 <0.03 
MnO 0.24 0.22 0.26 0.24 0.25 0.26 0.24 0.24 0.24 0.25 0.22 0.25 
FeO 26.6 27.2 27.2 26.7 24.5 26.3 26.7 27.3 27.1 27.2 26.5 27.2 
*Fe2O3 12.3 14.2 14.2 14.2 15.9 14.7 14.4 14.5 14.4 14.9 14.1 14.4 
NiO 0.09 0.08 0.10 0.11 0.15 0.13 0.09 0.11 0.08 0.10 0.12 0.09 
             Total 99.4 99.6 99.9 99.7 99.8 99.2 99.8 100.0 99.9 100.1 99.5 100.0 
                          
               85 86 87 88 89 90 91 92 93 94 95 96 
Nb2O5 0.17 0.23 0.36 0.27 0.24 0.29 0.30 0.34 0.30 0.26 0.43 0.29 
SiO2 0.05 0.04 0.04 0.07 <0.03 0.04 0.05 0.03 0.08 0.03 <0.03 <0.03 
TiO2 48.6 47.7 46.9 47.4 46.7 46.6 46.6 46.9 47.1 47.4 45.7 47.4 
ZrO2 <0.03 0.04 0.09 0.09 0.08 0.06 0.09 0.10 0.07 0.07 0.10 0.06 
Al2O3 0.56 0.57 0.57 0.57 0.55 0.55 0.57 0.54 0.63 0.53 0.51 0.57 
V2O3 0.16 <0.03 <0.03 <0.03 0.43 0.96 <0.03 <0.03 <0.03 0.32 <0.03 0.32 
Cr2O3 0.40 0.81 1.59 0.97 0.97 1.13 1.29 1.45 1.10 1.36 2.64 0.90 
MgO 9.72 8.79 8.59 8.91 8.79 8.60 8.54 8.56 8.67 8.85 8.31 8.89 
CaO <0.03 <0.03 0.03 0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 
MnO 0.25 0.22 0.26 0.21 0.25 0.24 0.24 0.23 0.24 0.25 0.26 0.23 
FeO 26.3 27.2 26.9 26.8 26.3 26.6 26.8 27.0 27.0 26.9 26.4 26.8 
*Fe2O3 12.9 13.9 15.0 14.5 15.5 15.3 15.7 15.0 15.1 14.3 15.6 14.9 
NiO 0.09 0.08 0.11 0.10 0.09 0.12 0.09 0.12 0.10 0.11 0.11 0.09 
             Total 99.2 99.3 100.1 99.7 99.7 100.2 100.0 99.9 100.1 100.1 99.7 100.2 
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EMP Ilmenite analyses from the Festivalnaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods. 
<0.03 indicates an EMP value below detection limits.   
                
  97 98 99 100 101 102 103 
Nb2O5 0.26 0.25 0.43 0.06 0.28 0.39 0.29 
SiO2 0.09 0.03 0.03 0.04 <0.03 0.03 <0.03 
TiO2 47.8 46.9 45.7 50.7 47.3 44.7 46.7 
ZrO2 0.06 0.08 0.10 <0.03 0.04 0.10 0.05 
Al2O3 0.57 0.53 0.49 0.54 0.54 0.51 0.55 
V2O3 0.72 <0.03 0.36 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.01 1.05 2.73 0.38 1.16 3.90 1.12 
MgO 9.30 8.67 8.51 10.2 8.77 8.28 8.76 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.24 0.28 0.23 0.23 0.27 0.25 
FeO 26.5 26.7 26.1 27.3 26.9 25.6 26.4 
*Fe2O3 13.5 15.3 15.9 10.6 15.0 15.6 15.2 
NiO 0.11 0.09 0.13 0.08 0.10 0.15 0.11 
        Total 99.8 99.6 100.3 100.1 100.2 99.2 99.2 
















EMP Ilmenite analyses from the Irelyakhskaya kimberlite pipe.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.37 0.32 0.35 0.33 0.10 0.37 0.39 0.34 0.26 0.29 0.36 0.30 
SiO2 <0.03 <0.03 0.04 <0.03 0.03 0.04 0.03 <0.03 0.03 <0.03 0.04 <0.03 
TiO2 48.3 48.9 47.2 49.0 52.1 49.6 47.8 48.4 50.3 50.1 49.0 48.7 
ZrO2 0.04 0.05 0.07 0.07 0.03 0.07 0.08 0.07 0.07 0.06 0.06 0.07 
Al2O3 0.47 0.49 0.51 0.52 0.51 0.57 0.51 0.37 0.32 0.53 0.51 0.51 
V2O3 0.03 0.12 <0.03 <0.03 <0.03 0.07 0.06 0.05 0.06 <0.03 0.06 0.10 
Cr2O3 0.77 0.91 2.82 1.07 0.39 0.81 0.79 0.85 0.96 0.80 0.88 1.02 
MgO 9.95 9.62 9.22 9.93 10.8 9.69 9.40 9.53 10.5 10.6 9.77 10.1 
CaO 0.03 <0.03 <0.03 0.04 0.03 <0.03 <0.03 <0.03 <0.03 0.04 <0.03 <0.03 
MnO 0.30 0.29 0.26 0.28 0.25 0.31 0.30 0.27 0.30 0.27 0.29 0.33 
FeO 25.7 26.8 26.0 26.3 27.4 27.4 26.3 26.6 26.3 26.2 26.7 25.8 
*Fe2O3 13.1 12.5 13.7 12.3 8.60 11.1 14.0 13.3 11.1 11.4 12.4 12.7 
NiO 0.07 0.11 0.15 0.11 0.08 0.09 0.10 0.09 0.12 0.09 0.08 0.10 
             Total 99.1 100.2 100.3 99.9 100.4 100.2 99.8 99.9 100.3 100.3 100.2 99.8 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.35 0.48 0.31 0.32 0.40 0.41 0.22 0.31 0.16 0.33 0.35 0.10 
SiO2 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 0.04 <0.03 <0.03 0.06 
TiO2 50.0 47.7 48.6 48.3 48.9 47.1 49.1 49.3 51.1 49.5 47.5 51.6 
ZrO2 0.07 0.07 0.05 0.05 0.07 0.08 0.07 0.05 <0.03 0.04 0.07 <0.03 
Al2O3 0.39 0.45 0.51 0.49 0.58 0.39 0.52 0.50 0.50 0.48 0.53 0.60 
V2O3 0.14 0.08 0.04 <0.03 <0.03 0.97 0.63 0.68 1.46 0.22 0.86 <0.03 
Cr2O3 0.83 0.80 0.76 0.87 0.79 0.77 0.99 1.01 0.68 0.78 0.93 2.26 
MgO 9.90 8.90 10.0 9.69 11.0 8.53 10.3 10.3 11.7 9.59 9.41 12.3 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 
MnO 0.27 0.29 0.28 0.26 0.29 0.27 0.29 0.28 0.28 0.29 0.28 0.22 
FeO 27.4 27.3 25.9 26.2 24.4 27.3 25.7 25.9 24.8 27.4 26.0 24.3 
*Fe2O3 11.4 14.3 12.7 13.0 13.1 14.8 12.0 11.6 9.67 11.5 13.7 8.24 
NiO 0.09 0.06 0.08 0.09 0.12 0.06 0.09 0.09 0.10 0.07 0.08 0.18 
             Total 100.8 100.4 99.2 99.2 99.7 100.7 100.0 100.1 100.6 100.3 99.8 99.9 
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EMP Ilmenite analyses from the Irelyakhskaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.39 0.32 0.30 0.31 0.00 0.28 0.36 0.31 0.27 0.22 0.33 0.29 
SiO2 <0.03 0.05 0.03 <0.03 <0.03 0.05 <0.03 0.04 0.04 0.04 <0.03 <0.03 
TiO2 48.6 48.8 48.7 47.9 50.4 48.9 47.8 47.7 49.5 50.0 48.9 49.5 
ZrO2 0.07 0.03 0.06 0.04 0.08 0.05 0.07 0.10 0.05 0.06 0.07 0.07 
Al2O3 0.45 1.69 0.53 0.49 0.14 0.68 0.58 0.51 0.50 0.45 0.51 0.57 
V2O3 0.45 0.38 <0.03 0.36 0.40 1.23 1.30 1.16 0.11 <0.03 0.47 0.43 
Cr2O3 0.89 0.92 0.89 1.48 0.03 0.93 0.83 0.82 0.91 1.29 1.08 0.89 
MgO 9.60 10.6 9.58 9.16 2.06 10.4 9.29 9.40 9.91 10.2 9.76 10.1 
CaO <0.03 0.19 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.06 <0.03 
MnO 0.31 0.24 0.26 0.25 0.50 0.29 0.26 0.29 0.28 0.28 0.26 0.26 
FeO 26.7 24.8 26.8 26.8 41.2 25.4 26.6 26.2 26.8 26.7 26.6 26.5 
*Fe2O3 12.4 11.2 12.4 13.4 5.51 12.2 13.2 13.9 11.9 10.9 12.4 11.7 
NiO 0.10 0.09 0.09 0.12 0.02 0.10 0.06 0.06 0.08 0.12 0.09 0.09 
             Total 99.9 99.4 99.7 100.3 100.3 100.5 100.5 100.4 100.3 100.3 100.6 100.4 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.32 0.24 0.44 0.29 0.24 0.29 0.31 0.32 0.38 0.07 0.32 0.25 
SiO2 0.04 0.03 0.04 <0.03 0.04 0.04 <0.03 <0.03 <0.03 0.06 <0.03 <0.03 
TiO2 50.1 50.0 49.4 48.6 49.8 50.0 48.2 48.5 48.2 53.1 47.8 49.9 
ZrO2 0.07 0.04 0.06 0.10 0.06 0.09 0.06 0.07 0.05 <0.03 0.08 0.03 
Al2O3 0.55 0.42 0.70 0.54 0.54 0.87 0.58 0.54 0.49 0.47 0.53 1.51 
V2O3 <0.03 0.17 0.31 1.03 0.17 0.32 0.55 0.67 0.00 0.31 0.86 0.39 
Cr2O3 0.89 3.06 0.82 0.85 0.87 1.43 1.22 0.93 0.86 1.74 0.84 5.24 
MgO 10.7 11.3 11.9 9.43 9.96 11.1 9.95 10.2 9.00 13.0 9.29 13.5 
CaO <0.03 <0.03 0.05 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 
MnO 0.24 0.25 0.38 0.29 0.28 0.29 0.29 0.28 0.28 0.24 0.28 0.23 
FeO 26.1 24.7 23.2 26.9 26.9 25.1 25.6 25.4 27.4 24.2 26.5 20.7 
*Fe2O3 11.1 9.06 12.9 12.8 11.1 10.4 13.4 13.0 12.8 6.46 13.0 7.48 
NiO 0.11 0.18 0.09 0.09 0.11 0.15 0.10 0.08 0.08 0.19 0.07 0.24 
             Total 100.2 99.5 100.4 100.9 100.1 100.1 100.2 100.0 99.7 99.9 99.6 99.5 
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EMP Ilmenite analyses from the Irelyakhskaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods. 
<0.03 indicates an EMP value below detection limits.   
              
  49 50 51 52 53 54 
Nb2O5 0.28 0.27 0.27 0.31 0.30 0.15 
SiO2 0.03 0.05 0.05 0.06 0.04 0.07 
TiO2 49.6 49.5 51.4 52.3 50.2 50.5 
ZrO2 0.04 0.04 0.04 0.06 0.06 <0.03 
Al2O3 0.52 0.53 0.41 0.42 0.53 0.46 
V2O3 0.54 0.48 <0.03 <0.03 1.18 <0.03 
Cr2O3 1.17 1.03 2.47 0.84 0.98 0.49 
MgO 10.8 10.7 11.7 12.9 11.0 9.84 
CaO <0.03 <0.03 <0.03 0.03 <0.03 <0.03 
MnO 0.29 0.29 0.30 0.38 0.32 0.24 
FeO 25.3 25.3 25.3 24.1 25.6 27.8 
*Fe2O3 11.4 11.5 7.98 8.30 10.6 10.4 
NiO 0.11 0.09 0.17 0.06 0.11 0.07 
       Total 100.0 99.9 100.1 99.7 100.8 100.0 
















EMP Ilmenite analyses from the Jila-70 kimberlite pipe.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.42 0.13 0.20 0.18 0.15 0.32 0.17 0.13 0.27 0.42 0.21 0.34 
SiO2 <0.03 0.04 <0.03 0.05 0.05 <0.03 0.05 0.04 <0.03 <0.03 0.08 <0.03 
TiO2 47.1 51.6 51.3 50.9 52.0 47.6 51.6 52.4 50.4 47.4 50.9 48.1 
ZrO2 0.09 0.03 0.05 0.04 0.04 0.06 0.03 0.03 0.04 0.08 0.03 0.07 
Al2O3 0.48 0.59 0.70 0.54 0.56 0.50 0.53 0.64 0.57 0.52 0.56 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.80 1.46 0.50 0.27 0.95 0.82 0.50 0.97 0.75 0.88 0.60 1.05 
MgO 8.91 12.5 13.0 11.4 12.4 9.41 11.7 13.7 12.1 9.10 11.9 9.59 
CaO <0.03 0.28 <0.03 <0.03 0.17 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.30 0.23 0.28 0.25 0.25 0.25 0.26 0.29 0.27 0.28 0.27 0.27 
FeO 26.6 23.6 22.9 25.4 24.2 26.1 25.5 22.5 23.8 26.5 24.5 26.3 
*Fe2O3 14.3 8.83 9.82 9.85 8.38 13.7 9.07 8.44 11.0 14.2 10.1 12.7 
NiO 0.06 0.14 0.11 0.09 0.15 0.08 0.10 0.17 0.13 0.07 0.10 0.07 
             Total 99.0 99.4 98.9 99.0 99.3 98.8 99.5 99.3 99.3 99.4 99.3 99.0 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.19 0.40 0.22 0.31 0.28 0.25 0.15 0.14 0.28 0.40 0.30 0.21 
SiO2 <0.03 0.03 0.03 <0.03 <0.03 0.04 0.06 <0.03 <0.03 0.03 0.03 0.03 
TiO2 51.5 48.8 49.4 48.5 49.8 50.9 52.1 51.9 49.7 48.7 49.9 53.0 
ZrO2 0.06 0.05 0.04 0.06 0.05 <0.03 <0.03 <0.03 0.05 0.05 0.05 <0.03 
Al2O3 0.54 0.51 0.55 0.56 0.53 0.54 0.57 0.55 0.53 0.46 0.54 0.87 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.59 0.76 0.89 0.86 0.93 0.47 1.34 0.87 0.77 0.96 0.91 0.50 
MgO 11.4 9.74 10.5 9.89 10.4 11.3 12.2 11.9 10.5 9.74 10.7 15.0 
CaO 0.12 0.03 0.14 0.07 0.15 0.03 0.11 <0.03 <0.03 <0.03 0.16 0.07 
MnO 0.27 0.27 0.25 0.27 0.27 0.29 0.23 0.24 0.27 0.31 0.26 0.37 
FeO 25.6 26.6 25.5 26.0 25.9 25.6 24.9 25.3 25.9 26.6 25.7 20.5 
*Fe2O3 9.72 11.8 12.0 12.3 11.6 10.2 8.01 8.49 11.2 11.9 11.3 9.23 
NiO 0.09 0.08 0.09 0.08 0.10 0.07 0.15 0.13 0.12 0.07 0.09 0.13 
             Total 100.1 99.1 99.6 99.0 100.1 99.7 99.8 99.6 99.4 99.2 99.9 100.0 
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EMP Ilmenite analyses from the Jila-70 kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.18 0.19 0.17 0.29 0.16 0.39 0.13 0.39 0.04 0.13 0.24 0.21 
SiO2 0.03 0.05 <0.03 <0.03 0.03 <0.03 0.06 0.03 0.13 0.04 0.03 0.04 
TiO2 51.5 51.3 51.6 50.2 51.7 47.8 52.0 47.5 51.7 51.8 51.0 51.3 
ZrO2 0.05 <0.03 0.04 0.03 <0.03 0.09 0.03 0.09 0.04 0.03 0.03 0.06 
Al2O3 0.53 0.55 0.56 0.51 0.56 0.50 0.53 0.54 0.67 0.57 0.51 0.50 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.77 0.50 0.55 1.19 0.83 0.69 0.95 0.81 1.74 0.67 0.50 0.67 
MgO 12.4 11.6 11.7 10.8 12.9 9.21 12.3 9.11 12.7 12.2 11.2 11.6 
CaO 0.08 <0.03 0.09 <0.03 <0.03 <0.03 0.06 <0.03 0.08 <0.03 0.15 <0.03 
MnO 0.26 0.27 0.26 0.27 0.24 0.28 0.25 0.28 0.20 0.24 0.28 0.25 
FeO 24.0 25.3 25.3 25.9 23.2 26.7 24.6 26.6 23.6 24.8 25.5 25.4 
*Fe2O3 9.78 10.0 9.27 10.4 9.47 13.3 8.38 13.6 8.54 8.73 10.4 9.50 
NiO 0.12 0.11 0.10 0.11 0.14 0.08 0.14 0.07 0.16 0.11 0.11 0.11 
             Total 99.8 99.9 99.6 99.6 99.3 99.1 99.4 99.1 99.6 99.2 100.0 99.7 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.15 0.44 0.16 0.17 0.20 0.24 0.32 0.26 0.25 0.48 0.42 0.16 
SiO2 0.05 <0.03 0.07 0.03 0.08 0.07 0.03 <0.03 0.04 0.03 0.03 0.06 
TiO2 52.3 48.0 52.1 51.3 52.7 50.9 48.9 48.8 49.5 47.6 47.5 52.3 
ZrO2 0.03 0.08 0.03 0.03 <0.03 0.03 0.03 0.07 0.05 0.08 0.09 <0.03 
Al2O3 0.58 0.51 0.52 0.52 0.68 0.50 0.54 0.52 0.55 0.41 0.54 0.52 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.76 0.70 0.81 0.46 0.91 0.46 0.85 0.91 1.11 0.80 0.70 0.90 
MgO 12.6 9.66 12.3 11.3 14.6 12.3 9.93 9.92 10.5 9.26 8.96 12.2 
CaO <0.03 0.10 <0.03 0.12 <0.03 0.04 0.04 <0.03 <0.03 0.06 <0.03 <0.03 
MnO 0.26 0.29 0.24 0.25 0.34 0.28 0.28 0.29 0.26 0.30 0.29 0.24 
FeO 24.5 26.0 24.8 25.7 21.1 23.8 26.3 26.1 25.8 26.5 26.9 25.1 
*Fe2O3 8.50 13.4 8.41 9.97 9.12 10.4 12.0 12.4 11.3 13.9 14.0 8.00 
NiO 0.13 0.07 0.12 0.08 0.15 0.11 0.10 0.10 0.12 0.06 0.09 0.17 
             Total 99.8 99.2 99.5 100.0 100.0 99.1 99.2 99.3 99.5 99.5 99.6 99.7 
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EMP Ilmenite analyses from the Jila-70 kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  49 50 51 52 53 54 55 56 57 58 59 60 
Nb2O5 0.28 0.13 0.14 0.29 0.14 0.17 0.22 0.11 0.25 0.28 0.41 0.28 
SiO2 0.03 0.07 0.03 0.04 0.05 0.10 <0.03 0.20 0.06 0.03 <0.03 <0.03 
TiO2 49.5 52.2 52.2 49.9 52.0 52.0 50.3 51.6 49.4 50.2 47.8 49.3 
ZrO2 0.04 <0.03 0.04 0.05 0.05 <0.03 0.06 <0.03 0.07 0.05 0.08 0.05 
Al2O3 0.52 0.52 0.75 0.53 0.54 0.55 0.54 0.66 0.56 0.52 0.55 0.53 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.84 0.91 3.65 0.82 0.83 1.12 0.91 1.10 0.79 0.85 1.03 0.93 
MgO 10.5 12.7 13.4 11.2 12.1 12.5 11.3 12.2 10.2 11.2 9.33 10.2 
CaO 0.15 <0.03 0.04 0.13 0.04 0.08 <0.03 0.14 0.11 0.06 0.04 0.06 
MnO 0.26 0.24 0.22 0.31 0.25 0.23 0.27 0.25 0.26 0.27 0.29 0.27 
FeO 25.6 24.2 22.7 24.8 25.0 24.3 25.0 24.4 26.1 25.1 26.5 26.1 
*Fe2O3 11.8 8.52 6.85 11.7 8.64 8.60 11.0 8.74 11.8 10.9 14.1 12.0 
NiO 0.12 0.14 0.21 0.11 0.11 0.14 0.10 0.14 0.11 0.11 0.07 0.08 
             Total 99.6 99.7 100.3 99.8 99.8 99.7 99.8 99.5 99.7 99.7 100.2 99.8 
                          
               61 62 63 64 65 66 67 68 69 70 71 72 
Nb2O5 0.19 0.14 0.10 0.21 0.19 0.26 0.25 0.38 0.22 0.14 0.31 0.35 
SiO2 <0.03 0.13 0.05 0.04 <0.03 <0.03 0.06 0.03 <0.03 0.03 0.03 0.03 
TiO2 51.3 51.9 52.5 51.7 51.6 49.6 50.5 47.5 51.2 51.8 48.8 47.5 
ZrO2 0.03 <0.03 <0.03 0.06 0.03 0.05 0.06 0.08 0.05 <0.03 0.07 0.05 
Al2O3 0.50 0.63 0.59 0.54 0.56 0.52 0.56 0.52 0.54 0.59 0.53 0.53 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.63 1.23 1.20 0.78 0.61 1.03 0.77 0.91 0.55 1.43 1.06 0.89 
MgO 11.6 12.6 12.6 12.2 12.0 10.6 11.5 9.86 11.5 12.8 9.79 9.69 
CaO 0.03 0.09 0.10 0.05 0.11 0.09 0.07 0.05 <0.03 0.19 0.36 0.10 
MnO 0.24 0.23 0.23 0.25 0.26 0.28 0.28 0.23 0.22 0.23 0.27 0.27 
FeO 25.4 24.1 24.4 24.7 24.8 25.5 24.9 25.3 25.6 23.4 26.1 25.4 
*Fe2O3 9.61 8.52 7.95 8.99 9.14 11.9 10.4 14.0 9.62 8.78 12.7 14.2 
NiO 0.10 0.16 0.14 0.12 0.09 0.11 0.11 0.07 0.09 0.15 0.08 0.09 
             Total 99.7 99.7 99.9 99.7 99.4 100.1 99.5 98.8 99.6 99.6 100.1 99.1 
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EMP Ilmenite analyses from the Jila-70 kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  73 74 75 76 77 78 79 80 81 82 83 84 
Nb2O5 0.12 0.18 0.22 0.16 0.12 <0.03 <0.03 <0.03 0.76 <0.03 0.23 0.05 
SiO2 0.03 0.03 <0.03 <0.03 0.04 0.10 0.04 0.03 0.03 <0.03 <0.03 0.05 
TiO2 52.5 50.7 50.2 51.0 52.4 52.1 52.4 49.0 52.3 52.4 49.2 51.8 
ZrO2 <0.03 0.03 0.05 0.04 <0.03 0.03 <0.03 0.08 <0.03 0.03 0.05 <0.03 
Al2O3 0.60 0.53 0.55 0.55 0.63 0.59 0.58 0.55 0.53 0.52 0.53 0.52 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.74 0.50 0.75 0.54 1.57 0.61 0.59 0.87 0.85 0.68 0.78 0.67 
MgO 12.7 11.4 11.2 11.9 12.9 12.8 12.6 9.90 12.4 12.2 10.0 12.1 
CaO 0.04 0.07 0.09 <0.03 0.11 0.19 0.41 0.03 <0.03 0.18 <0.03 0.05 
MnO 0.21 0.26 0.27 0.26 0.25 0.30 0.27 0.30 0.22 0.26 0.29 0.27 
FeO 24.4 25.1 25.0 24.5 23.8 23.6 23.8 26.1 25.5 24.8 26.2 24.8 
*Fe2O3 7.67 10.1 10.6 9.69 7.96 9.50 8.94 12.3 7.23 8.80 11.9 9.24 
NiO 0.15 0.11 0.11 0.13 0.16 0.13 0.11 0.07 0.10 0.09 0.09 0.12 
             Total 100.1 99.1 99.1 98.9 99.9 99.9 99.8 99.2 100.0 100.0 99.4 99.6 
                          
               85 86 87 88 89 90 91 92 93 94 95 96 
Nb2O5 <0.03 <0.03 <0.03 <0.03 0.47 <0.03 0.26 <0.03 0.31 <0.03 <0.03 <0.03 
SiO2 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.05 0.06 0.04 0.06 0.10 
TiO2 49.8 49.4 48.8 51.2 48.0 51.7 48.2 51.8 52.6 52.5 53.2 53.5 
ZrO2 0.06 0.05 0.07 0.06 0.04 0.04 0.08 <0.03 <0.03 0.04 <0.03 0.03 
Al2O3 0.55 0.54 0.56 0.53 0.52 0.52 0.50 0.54 0.56 0.59 0.59 0.62 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.56 0.92 0.67 0.69 0.66 0.57 0.89 0.66 0.73 0.69 1.25 0.77 
MgO 10.6 10.1 9.87 11.1 9.62 11.4 9.59 11.9 13.7 12.6 13.6 13.2 
CaO <0.03 <0.03 0.22 0.03 0.11 <0.03 0.39 <0.03 0.09 <0.03 0.27 0.06 
MnO 0.27 0.27 0.28 0.26 0.31 0.25 0.29 0.25 0.27 0.24 0.23 0.25 
FeO 25.5 26.2 25.7 25.9 26.0 25.8 25.7 25.1 22.8 24.6 22.9 24.3 
*Fe2O3 12.1 11.8 13.2 10.2 14.1 9.01 14.1 9.30 9.12 8.23 8.01 7.32 
NiO 0.09 0.08 0.07 0.11 0.10 0.08 0.04 0.13 0.17 0.08 0.18 0.13 
             Total 99.6 99.3 99.4 100.1 99.9 99.5 100.0 99.7 100.4 99.6 100.2 100.2 
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EMP Ilmenite analyses from the Jila-70 kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods. 
<0.03 indicates an EMP value below detection limits.   
              
  97 98 99 100 101 102 
Nb2O5 0.46 <0.03 <0.03 <0.03 0.74 <0.03 
SiO2 <0.03 0.03 <0.03 0.03 <0.03 0.06 
TiO2 48.1 53.1 52.3 47.7 49.5 52.6 
ZrO2 0.06 <0.03 0.05 0.10 0.06 <0.03 
Al2O3 0.53 0.58 0.52 0.51 0.54 0.53 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.70 1.34 0.70 0.75 0.86 0.83 
MgO 9.31 13.5 12.0 9.24 10.1 12.3 
CaO 0.03 0.10 0.05 0.14 0.14 0.21 
MnO 0.29 0.23 0.25 0.29 0.27 0.25 
FeO 26.8 23.2 25.2 26.0 26.8 24.8 
*Fe2O3 13.1 7.31 8.79 14.8 11.2 8.12 
NiO 0.09 0.19 0.11 0.10 0.09 0.13 
       Total 99.6 99.6 100.0 99.7 100.2 99.9 
















EMP Ilmenite analyses from the Molodost kimberlite pipe.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.19 <0.03 0.21 0.29 0.24 0.18 0.16 0.19 0.21 0.41 0.30 0.21 
SiO2 0.03 <0.03 <0.03 0.03 0.03 <0.03 0.04 <0.03 0.03 0.04 0.04 <0.03 
TiO2 52.1 50.0 51.0 51.6 50.9 50.2 50.3 48.4 48.4 47.7 51.7 49.3 
ZrO2 0.03 <0.03 0.03 0.05 0.06 0.06 0.05 <0.03 0.04 0.05 0.03 0.03 
Al2O3 0.43 0.05 0.50 0.53 0.41 0.49 0.54 0.48 0.52 0.19 0.52 0.52 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.76 0.05 1.38 2.60 4.13 2.68 0.72 2.02 1.90 5.80 2.32 2.24 
MgO 12.0 1.02 11.1 12.1 12.2 11.2 10.4 9.57 9.46 10.2 12.1 10.2 
CaO 0.03 <0.03 0.06 0.04 0.05 <0.03 0.03 0.04 0.07 0.07 0.06 0.16 
MnO 0.26 0.30 0.29 0.27 0.27 0.30 0.24 0.26 0.25 0.31 0.30 0.26 
FeO 25.3 42.8 25.8 24.7 23.8 24.9 26.7 26.3 26.6 24.6 24.8 25.9 
*Fe2O3 9.64 5.33 9.75 8.03 7.78 9.99 11.1 12.5 12.5 10.3 7.73 11.4 
NiO 0.11 <0.03 0.12 0.15 0.21 0.16 0.11 0.11 0.09 0.18 0.16 0.15 
             Total 100.8 99.6 100.3 100.4 100.1 100.3 100.3 100.0 100.1 99.9 100.0 100.3 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.03 0.20 0.18 0.19 0.17 0.22 0.70 0.05 0.23 0.23 0.09 0.22 
SiO2 <0.03 0.07 0.07 0.04 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 0.03 0.04 
TiO2 54.0 52.4 52.0 51.8 49.4 50.1 45.6 49.0 51.4 51.3 51.3 51.3 
ZrO2 <0.03 0.03 <0.03 0.03 0.05 0.03 0.13 <0.03 0.03 0.04 0.03 0.03 
Al2O3 0.08 0.56 0.55 0.56 0.49 0.45 0.07 0.06 0.52 0.55 0.63 0.50 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.07 0.69 0.68 0.97 1.50 1.32 3.38 0.05 0.55 0.57 0.93 0.72 
MgO 6.84 12.3 11.9 12.3 11.0 10.3 8.02 1.19 11.2 11.2 11.4 11.6 
CaO 0.21 0.04 0.05 <0.03 0.06 <0.03 <0.03 0.09 0.06 <0.03 0.06 <0.03 
MnO 0.82 0.22 0.25 0.23 0.31 0.29 0.35 0.46 0.25 0.25 0.22 0.24 
FeO 35.4 25.2 25.5 24.6 24.5 26.6 27.1 41.4 26.0 26.0 25.5 25.4 
*Fe2O3 2.49 8.23 9.30 8.70 12.0 10.7 14.5 7.83 9.95 10.0 9.68 9.80 
NiO <0.03 0.13 0.12 0.12 0.11 0.10 0.10 <0.03 0.13 0.10 0.15 0.11 
             Total 100.0 100.1 100.6 99.6 99.6 100.1 100.0 100.1 100.3 100.3 100.1 100.1 
159 
 
EMP Ilmenite analyses from the Molodost kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.17 0.17 0.19 0.19 0.21 0.03 0.22 0.10 0.71 0.86 0.20 0.59 
SiO2 0.05 0.05 0.05 0.04 0.16 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
TiO2 51.4 51.0 51.1 49.2 51.1 47.6 49.2 52.0 47.0 45.4 51.6 47.9 
ZrO2 0.04 0.03 0.03 0.03 <0.03 <0.03 0.04 <0.03 0.10 0.11 <0.03 0.10 
Al2O3 0.54 0.55 0.54 0.49 0.66 0.04 0.46 0.01 0.09 0.07 0.50 0.08 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.72 0.63 0.39 1.57 0.52 0.10 1.63 0.21 4.45 2.82 0.79 4.24 
MgO 11.8 11.4 11.1 9.93 11.1 1.55 10.0 1.22 9.4 8.37 11.5 10.6 
CaO 0.06 0.08 0.05 0.19 <0.03 0.05 0.10 0.15 0.10 0.09 <0.03 <0.03 
MnO 0.22 0.24 0.25 0.28 0.25 0.18 0.30 0.44 0.36 0.38 0.27 0.31 
FeO 25.1 25.4 26.1 26.2 26.2 39.8 26.2 44.0 25.7 26.4 25.7 24.4 
*Fe2O3 9.34 10.1 10.3 11.7 9.13 9.94 11.7 1.16 12.4 15.3 9.56 11.49 
NiO 0.11 0.12 0.10 0.12 0.09 <0.03 0.13 <0.03 0.15 0.08 0.11 0.18 
             Total 99.5 99.7 100.2 100.0 99.4 99.4 100.0 99.3 100.5 99.9 100.3 99.9 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.07 0.35 0.39 0.16 0.12 0.24 0.24 0.84 0.67 0.42 0.22 0.46 
SiO2 0.05 <0.03 0.03 0.05 0.04 <0.03 <0.03 <0.03 <0.03 <0.03 0.08 <0.03 
TiO2 50.8 46.4 48.1 52.7 51.4 51.7 51.4 43.9 45.7 48.4 52.0 50.0 
ZrO2 <0.03 0.06 0.08 <0.03 <0.03 0.03 <0.03 0.13 0.10 0.07 0.04 0.04 
Al2O3 0.49 0.20 0.18 0.57 0.70 0.48 0.52 0.08 0.10 0.07 0.55 1.04 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.04 <0.03 <0.03 <0.03 
Cr2O3 0.40 7.00 5.80 0.74 2.73 2.45 0.66 2.86 4.01 4.44 1.21 6.33 
MgO 11.3 10.3 10.2 12.9 12.4 12.2 11.4 7.56 8.40 10.3 11.7 13.1 
CaO 0.03 0.08 0.11 0.11 0.11 0.22 0.04 <0.03 0.11 0.18 <0.03 0.11 
MnO 0.30 0.28 0.32 0.37 0.18 0.29 0.23 0.33 0.34 0.34 0.24 0.23 
FeO 25.3 23.3 24.9 24.0 23.8 24.2 25.7 26.6 26.3 24.9 25.8 21.6 
*Fe2O3 10.9 11.8 10.2 8.83 8.24 8.45 9.41 16.6 13.8 10.7 8.17 7.11 
NiO 0.07 0.18 0.20 0.13 0.17 0.19 0.11 0.08 0.10 0.20 0.14 0.25 
             Total 99.7 99.9 100.5 100.6 99.9 100.5 99.8 99.0 99.7 99.9 100.1 100.2 
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EMP Ilmenite analyses from the Molodost kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.   
<0.03 indicates an EMP value below detection limits.   
              
  49 50 51 52 53 54 
Nb2O5 0.15 0.26 0.18 0.22 0.21 0.05 
SiO2 0.06 0.08 0.25 <0.03 0.03 <0.03 
TiO2 51.8 51.4 51.1 49.8 50.9 52.2 
ZrO2 0.04 0.04 0.04 0.05 0.03 <0.03 
Al2O3 0.52 0.50 0.68 0.50 0.47 0.09 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 0.06 
Cr2O3 0.98 2.19 0.84 2.52 3.06 0.28 
MgO 12.3 11.9 11.7 10.6 11.9 2.19 
CaO <0.03 0.09 0.06 <0.03 <0.03 0.16 
MnO 0.29 0.29 0.24 0.27 0.29 0.45 
FeO 24.6 24.8 25.2 25.8 24.3 42.4 
*Fe2O3 9.13 8.17 9.20 10.2 9.34 0.66 
NiO 0.13 0.15 0.11 0.12 0.18 <0.03 
       Total 99.9 99.9 99.6 100.2 100.8 98.6 
















EMP Ilmenite analyses from the Osennaya kimberlite pipe.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.25 0.24 0.37 0.35 0.30 0.41 0.39 0.28 0.29 0.42 0.38 0.31 
SiO2 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 
TiO2 46.7 47.4 45.7 46.2 47.0 46.7 46.3 47.7 46.5 46.1 45.5 47.3 
ZrO2 0.06 0.08 0.07 0.07 0.08 0.12 0.05 0.05 0.06 0.07 0.10 0.07 
Al2O3 0.53 0.55 0.55 0.53 0.53 0.45 0.57 0.50 0.53 0.48 0.61 0.61 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.37 0.83 1.43 1.72 1.15 1.13 3.13 1.44 1.27 2.20 1.43 1.12 
MgO 8.77 8.82 8.61 8.51 8.72 9.20 9.21 9.09 8.73 8.62 8.19 9.86 
CaO 0.11 0.05 0.08 <0.03 0.12 0.04 <0.03 0.03 <0.03 <0.03 0.13 0.18 
MnO 0.23 0.26 0.28 0.23 0.23 0.23 0.26 0.27 0.24 0.28 0.21 0.22 
FeO 26.3 26.8 25.7 26.5 26.6 25.7 25.2 26.6 26.3 26.2 26.3 24.8 
*Fe2O3 15.6 14.4 16.6 15.6 15.2 15.3 14.1 13.4 15.2 15.2 16.6 14.6 
NiO 0.09 0.09 0.11 0.12 0.10 0.11 0.16 0.10 0.11 0.12 0.11 0.13 
             Total 100.1 99.5 99.6 99.8 100.1 99.4 99.4 99.4 99.2 99.8 99.6 99.3 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.29 0.28 0.36 0.39 0.39 0.53 0.31 0.40 0.33 0.28 0.52 0.34 
SiO2 0.04 <0.03 <0.03 <0.03 0.03 <0.03 0.03 0.03 <0.03 <0.03 0.03 <0.03 
TiO2 47.1 46.8 45.7 45.4 45.6 41.8 46.7 46.2 45.1 47.8 42.7 43.7 
ZrO2 0.07 0.06 0.09 0.09 0.09 0.14 0.09 0.08 0.11 0.06 0.12 0.08 
Al2O3 0.54 0.53 0.54 0.54 0.45 0.35 0.57 0.46 0.56 0.53 0.32 0.61 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 0.07 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 
Cr2O3 0.91 1.11 5.02 2.18 2.34 1.53 0.88 2.38 1.81 1.41 1.65 3.19 
MgO 8.55 8.84 9.31 8.46 8.47 6.70 8.71 8.78 8.14 9.35 6.73 7.87 
CaO 0.16 <0.03 0.38 0.10 0.30 0.00 0.10 <0.03 0.14 0.34 <0.03 0.10 
MnO 0.25 0.25 0.25 0.25 0.25 0.23 0.24 0.27 0.23 0.23 0.23 0.23 
FeO 27.0 26.4 24.1 25.8 25.7 26.0 26.4 26.0 26.0 25.9 26.8 25.3 
*Fe2O3 15.1 15.3 14.1 16.4 15.9 21.9 15.4 14.8 17.3 13.8 20.3 18.0 
NiO 0.09 0.08 0.18 0.12 0.10 0.06 0.09 0.12 0.09 0.13 0.05 0.12 
             Total 100.2 99.7 100.0 99.7 99.5 99.3 99.5 99.5 99.8 99.8 99.5 99.5 
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EMP Ilmenite analyses from the Osennaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.27 0.27 0.34 0.43 0.26 0.42 0.42 0.29 0.45 0.38 0.30 0.34 
SiO2 <0.03 0.03 <0.03 0.03 <0.03 <0.03 0.06 0.09 <0.03 0.03 0.11 <0.03 
TiO2 46.9 47.1 47.7 45.9 47.1 45.6 45.6 46.9 46.0 45.9 48.9 45.4 
ZrO2 0.05 0.05 0.07 0.07 0.05 0.09 0.10 0.07 0.09 0.09 0.06 0.09 
Al2O3 0.51 0.55 0.55 0.47 0.48 0.46 0.58 0.63 0.46 0.54 0.59 0.55 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.30 0.93 1.37 2.54 1.17 1.85 1.35 1.18 2.12 1.48 1.69 1.34 
MgO 8.59 9.09 9.08 8.55 8.87 8.27 8.03 9.79 8.76 8.39 10.7 8.13 
CaO <0.03 0.16 0.03 0.11 0.17 <0.03 0.11 <0.03 0.56 0.18 0.09 0.09 
MnO 0.25 0.23 0.25 0.25 0.24 0.26 0.25 0.22 0.28 0.25 0.22 0.25 
FeO 26.8 26.0 26.8 26.0 26.3 26.4 26.8 24.9 25.2 26.2 25.0 26.4 
*Fe2O3 15.0 14.9 13.5 15.2 14.3 15.8 16.0 15.2 15.7 16.6 11.7 16.6 
NiO 0.11 0.10 0.10 0.14 0.11 0.10 0.09 0.10 0.12 0.09 0.14 0.09 
             Total 99.8 99.5 99.7 99.7 99.1 99.3 99.4 99.5 99.8 100.1 99.5 99.3 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.44 0.31 0.39 0.37 0.35 0.31 0.37 0.37 0.30 0.34 0.35 0.32 
SiO2 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 
TiO2 46.5 47.1 46.2 44.8 45.3 46.1 45.9 45.9 46.9 46.7 47.8 46.1 
ZrO2 0.08 0.07 0.06 0.10 0.08 0.09 0.07 0.08 0.07 0.04 0.07 0.08 
Al2O3 0.44 0.51 0.46 0.55 0.55 0.53 0.47 0.56 0.56 0.54 0.56 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.99 1.25 2.11 1.46 1.57 1.26 2.04 1.33 1.07 1.47 2.42 1.15 
MgO 8.92 9.26 8.84 7.95 8.14 8.74 8.73 7.99 8.63 8.66 10.7 8.20 
CaO 0.21 0.09 <0.03 0.32 0.10 0.11 0.05 0.04 0.16 <0.03 0.20 0.04 
MnO 0.29 0.25 0.26 0.24 0.24 0.22 0.28 0.24 0.25 0.24 0.23 0.24 
FeO 25.8 25.8 25.9 25.8 26.3 25.9 25.7 27.1 26.6 26.7 23.7 26.9 
*Fe2O3 14.3 14.5 14.4 17.5 16.2 16.3 14.9 15.7 15.2 14.9 13.3 16.0 
NiO 0.11 0.12 0.10 0.09 0.11 0.08 0.14 0.08 0.12 0.09 0.15 0.09 
             Total 99.1 99.2 98.8 99.2 99.0 99.7 98.7 99.4 99.7 99.6 99.4 99.7 
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EMP Ilmenite analyses from the Osennaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  49 50 51 52 53 54 55 56 57 58 59 60 
Nb2O5 0.35 0.34 0.30 0.29 0.32 0.39 0.06 0.39 0.33 0.30 0.33 0.30 
SiO2 <0.03 <0.03 0.03 <0.03 <0.03 0.03 0.05 0.03 <0.03 0.06 0.06 <0.03 
TiO2 45.2 46.0 48.3 48.2 47.9 46.0 52.2 46.0 46.7 46.6 46.7 47.6 
ZrO2 0.08 0.09 0.06 0.07 0.07 0.06 0.03 0.10 0.09 0.07 0.06 0.06 
Al2O3 0.53 0.53 0.49 0.53 0.57 0.55 0.49 0.47 0.56 0.58 0.56 0.53 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 2.80 1.82 1.23 1.19 0.82 3.27 1.04 2.28 3.38 0.86 0.84 1.49 
MgO 8.04 8.54 9.19 9.75 10.4 9.05 12.1 8.60 9.62 8.67 8.66 9.39 
CaO 0.40 0.11 0.19 <0.03 0.43 <0.03 0.28 <0.03 0.05 0.10 0.03 <0.03 
MnO 0.23 0.25 0.25 0.26 0.26 0.25 0.26 0.25 0.25 0.23 0.24 0.24 
FeO 26.0 26.1 26.8 26.0 24.1 25.3 24.8 26.2 24.8 26.5 26.6 26.1 
*Fe2O3 16.6 15.6 12.9 13.0 14.9 14.0 8.04 15.1 13.6 15.0 14.8 13.3 
NiO 0.10 0.11 0.10 0.10 0.11 0.16 0.15 0.12 0.15 0.08 0.09 0.11 
             Total 100.3 99.5 99.8 99.4 99.9 99.1 99.5 99.5 99.6 99.0 99.0 99.1 
                          
               61 62 63 64 65 66 67 68 69 70 71 72 
Nb2O5 0.31 0.37 0.31 0.38 0.36 0.31 0.33 0.27 0.33 0.27 0.29 0.41 
SiO2 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.10 <0.03 <0.03 0.04 <0.03 
TiO2 46.4 45.2 47.1 46.4 45.3 47.2 47.6 46.6 47.0 47.0 46.5 46.5 
ZrO2 0.04 0.08 0.08 0.07 0.08 0.07 0.07 0.05 0.06 0.06 0.07 0.08 
Al2O3 0.52 0.54 0.54 0.58 0.57 0.58 0.52 0.62 0.54 0.54 0.56 0.50 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.24 3.27 0.83 1.09 1.97 2.79 0.96 1.03 0.84 1.23 0.88 2.20 
MgO 8.63 8.87 8.61 8.63 8.08 9.64 9.11 8.64 8.94 8.62 8.62 9.74 
CaO 0.07 0.37 <0.03 0.43 <0.03 0.19 <0.03 0.33 0.25 0.07 <0.03 <0.03 
MnO 0.25 0.25 0.25 0.23 0.24 0.25 0.23 0.24 0.21 0.21 0.25 0.22 
FeO 26.2 24.5 27.1 26.0 26.5 25.0 26.7 26.2 26.1 26.8 26.5 24.6 
*Fe2O3 15.0 16.2 14.4 16.0 16.4 13.4 13.5 15.3 15.1 14.7 15.0 15.2 
NiO 0.11 0.16 0.07 0.07 0.13 0.15 0.11 0.08 0.08 0.09 0.10 0.12 
             Total 98.8 99.8 99.3 100.0 99.6 99.5 99.1 99.4 99.5 99.6 98.8 99.6 
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EMP Ilmenite analyses from the Osennaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  73 74 75 76 77 78 79 80 81 82 83 84 
Nb2O5 0.11 0.42 0.41 0.41 0.45 0.29 0.38 0.27 0.31 0.30 0.34 0.34 
SiO2 <0.03 <0.03 <0.03 0.03 <0.03 0.04 <0.03 0.03 0.03 <0.03 <0.03 <0.03 
TiO2 49.2 46.2 46.6 45.2 43.8 47.3 45.8 47.8 48.3 47.7 45.8 45.3 
ZrO2 0.05 0.07 0.08 0.08 0.10 0.07 0.08 0.04 0.05 0.07 0.09 0.08 
Al2O3 0.64 0.42 0.44 0.52 0.44 0.51 0.48 0.51 0.54 0.50 0.53 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.53 0.91 1.98 2.53 1.23 1.37 2.01 1.80 1.50 1.35 1.23 1.81 
MgO 10.7 8.13 8.70 8.55 7.32 9.10 8.50 9.57 9.34 9.22 8.41 8.30 
CaO 0.18 0.14 <0.03 <0.03 0.04 0.11 0.28 0.16 0.30 <0.03 0.23 0.23 
MnO 0.21 0.26 0.27 0.26 0.26 0.24 0.26 0.27 0.25 0.26 0.24 0.26 
FeO 24.8 27.0 26.5 25.6 26.6 26.2 25.8 25.7 26.4 26.5 26.0 25.8 
*Fe2O3 11.6 16.3 14.4 15.6 18.9 14.4 15.3 13.5 12.9 13.4 16.6 16.7 
NiO 0.14 0.07 0.10 0.11 0.09 0.11 0.12 0.14 0.11 0.11 0.08 0.09 
             Total 99.2 100.0 99.5 98.9 99.3 99.7 99.0 99.8 100.1 99.4 99.6 99.5 
                          
               85 86 87 
         Nb2O5 0.51 0.33 0.42 
         SiO2 <0.03 0.03 0.03 
         TiO2 42.7 46.9 46.3 
         ZrO2 0.13 0.06 0.08 
         Al2O3 0.30 0.55 0.49 
         V2O3 0.03 <0.03 <0.03 
         Cr2O3 2.94 1.10 2.36 
         MgO 6.99 8.84 8.73 
         CaO 0.38 0.08 <0.03 
         MnO 0.26 0.25 0.28 
         FeO 25.8 26.4 26.2 
         *Fe2O3 19.7 15.3 14.8 
         NiO 0.06 0.08 0.10                   
             Total 99.8 100.0 99.7 
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EMP Ilmenite analyses from the Popugaevoi kimberlite pipe.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.09 0.21 0.42 0.18 0.23 0.33 0.41 0.29 0.42 0.05 0.34 0.42 
SiO2 <0.03 <0.03 <0.03 <0.03 0.43 <0.03 <0.03 0.05 0.03 0.03 0.04 <0.03 
TiO2 50.9 49.4 44.9 49.4 47.3 47.6 45.7 46.9 45.3 51.1 45.3 44.6 
ZrO2 0.04 0.07 0.08 0.03 0.09 0.06 0.10 0.07 0.08 <0.03 0.09 0.10 
Al2O3 0.60 0.53 0.51 0.47 0.69 0.55 0.55 0.52 0.56 0.23 0.57 0.47 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.06 <0.03 0.08 <0.03 
Cr2O3 0.80 0.51 1.27 0.47 0.92 0.92 1.30 0.88 1.42 5.63 1.28 1.32 
MgO 11.2 9.68 7.82 9.97 8.87 9.48 8.10 8.71 7.87 11.9 8.12 8.26 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 <0.03 <0.03 
MnO 0.23 0.23 0.29 0.25 0.27 0.25 0.26 0.26 0.26 0.25 0.26 0.22 
FeO 25.5 27.1 26.6 26.6 27.2 26.0 26.8 26.7 26.9 24.4 26.4 25.6 
*Fe2O3 10.2 11.7 17.7 12.4 13.8 14.8 16.7 15.1 17.2 6.06 17.3 19.0 
NiO 0.13 0.09 0.09 0.07 0.08 0.10 0.09 0.10 0.09 0.17 0.07 0.08 
             Total 99.7 99.5 99.7 100.0 99.9 100.1 100.0 99.6 100.2 99.9 99.8 100.1 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.22 0.46 0.14 0.25 0.12 0.41 0.22 0.40 0.35 0.34 0.22 0.17 
SiO2 0.03 0.03 0.07 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 0.04 
TiO2 49.9 44.4 50.7 49.2 52.0 44.8 49.9 45.0 44.9 46.4 48.4 49.4 
ZrO2 0.07 0.09 <0.03 0.03 0.06 0.09 0.02 0.10 0.09 0.07 0.06 0.03 
Al2O3 0.54 0.45 0.56 0.52 0.71 0.49 0.53 0.50 0.51 0.51 0.54 0.56 
V2O3 <0.03 0.05 0.04 <0.03 0.04 0.05 0.03 <0.03 0.10 <0.03 0.03 <0.03 
Cr2O3 0.50 1.20 0.63 0.55 0.62 1.39 0.49 1.58 1.32 0.87 0.50 0.54 
MgO 10.3 7.72 10.8 9.82 11.0 7.66 10.2 8.02 7.86 8.41 9.59 9.92 
CaO <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.22 0.27 0.24 0.25 0.20 0.25 0.22 0.26 0.25 0.25 0.24 0.26 
FeO 26.6 26.4 26.1 26.7 27.0 26.8 26.7 26.3 26.5 26.8 26.4 26.6 
*Fe2O3 11.7 18.9 10.6 12.3 8.19 17.9 11.9 17.6 17.7 15.9 13.1 12.5 
NiO 0.07 0.08 0.11 0.09 0.10 0.08 0.10 0.09 0.06 0.07 0.07 0.09 
             Total 100.1 100.1 100.1 99.7 100.2 99.9 100.2 99.9 99.7 99.7 99.3 100.2 
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EMP Ilmenite analyses from the Popugaevoi kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.19 0.25 0.14 0.48 0.32 0.36 0.17 0.42 0.25 0.30 0.45 0.23 
SiO2 <0.03 <0.03 0.09 0.05 0.04 0.03 0.06 <0.03 <0.03 0.03 <0.03 0.03 
TiO2 49.2 47.8 50.0 44.2 47.5 44.8 50.7 44.9 48.0 46.4 44.7 49.7 
ZrO2 0.05 0.07 0.04 0.07 0.06 0.11 0.03 0.07 0.08 0.08 0.11 0.05 
Al2O3 0.56 0.52 0.59 0.46 0.55 0.56 0.56 0.51 0.49 0.54 0.46 0.55 
V2O3 <0.03 <0.03 <0.03 0.18 <0.03 0.24 <0.03 0.63 0.13 0.34 0.12 0.03 
Cr2O3 0.55 0.71 0.63 1.36 0.88 1.32 0.62 1.44 0.87 0.86 1.26 0.59 
MgO 10.4 9.28 10.3 7.56 8.85 7.96 10.7 7.62 8.96 8.63 7.48 10.2 
CaO 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 
MnO 0.28 0.24 0.24 0.26 0.25 0.25 0.23 0.24 0.24 0.29 0.23 0.22 
FeO 25.6 26.5 26.5 26.6 27.0 26.2 26.5 27.0 27.1 26.4 27.1 26.4 
*Fe2O3 13.0 14.3 11.2 18.6 14.6 18.3 10.6 17.7 14.2 15.9 18.4 12.5 
NiO 0.07 0.10 0.09 0.07 0.09 0.07 0.10 0.10 0.09 0.08 0.08 0.09 
             Total 99.9 99.9 99.9 99.9 100.2 100.2 100.2 100.7 100.4 99.9 100.5 100.6 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.40 0.27 0.24 0.37 0.45 0.29 0.22 0.29 0.33 0.32 0.41 0.20 
SiO2 <0.03 0.10 0.07 0.04 0.04 0.04 0.03 0.03 <0.03 <0.03 0.03 <0.03 
TiO2 45.7 46.9 49.5 44.8 44.9 47.2 48.2 46.9 46.8 47.0 44.9 48.8 
ZrO2 0.11 0.07 0.06 0.10 0.10 0.11 0.07 0.08 0.06 0.07 0.08 0.05 
Al2O3 0.56 0.54 0.57 0.56 0.44 0.57 0.59 0.51 0.54 0.50 0.49 0.59 
V2O3 <0.03 0.04 <0.03 0.03 <0.03 <0.03 <0.03 0.56 <0.03 0.22 0.49 0.13 
Cr2O3 1.30 0.95 0.57 1.45 1.56 0.92 0.59 0.94 0.88 1.37 1.29 1.23 
MgO 7.96 8.66 9.81 7.94 7.68 8.72 9.32 8.77 8.74 9.01 7.62 9.64 
CaO <0.03 <0.03 0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.22 0.23 0.26 0.24 0.24 0.25 0.25 0.26 0.24 0.24 0.24 0.27 
FeO 27.1 26.8 27.0 26.3 27.0 27.0 26.7 26.6 26.5 26.3 27.0 26.6 
*Fe2O3 17.0 15.1 12.1 17.7 18.4 14.8 14.1 15.2 15.9 15.1 17.8 12.8 
NiO 0.10 0.10 0.09 0.09 0.07 0.10 0.09 0.11 0.08 0.10 0.08 0.13 
             Total 100.4 99.8 100.2 99.6 100.9 100.1 100.2 100.2 100.1 100.3 100.5 100.4 
167 
 
EMP Ilmenite analyses from the Popugaevoi kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  49 50 51 52 53 54 55 56 57 58 59 60 
Nb2O5 0.34 0.30 0.40 0.23 0.41 0.19 0.25 0.16 0.23 0.40 0.26 0.33 
SiO2 <0.03 0.04 <0.03 0.05 0.04 0.03 <0.03 <0.03 0.03 0.03 0.09 <0.03 
TiO2 47.1 47.1 44.8 50.1 44.8 50.4 47.2 52.9 49.5 45.5 50.2 46.7 
ZrO2 0.07 0.10 0.11 0.05 0.11 0.03 0.05 0.07 0.06 0.08 0.03 0.08 
Al2O3 0.52 0.58 0.45 0.86 0.46 0.63 0.57 0.62 0.57 0.54 0.53 0.54 
V2O3 <0.03 0.17 0.44 0.39 <0.03 <0.03 0.39 <0.03 <0.03 0.10 <0.03 0.34 
Cr2O3 0.85 0.89 1.21 0.57 1.20 1.11 0.97 1.63 0.54 1.31 0.47 0.90 
MgO 8.69 9.11 7.58 12.6 7.49 10.7 8.78 14.3 9.99 7.74 10.4 8.51 
CaO <0.03 <0.03 <0.03 0.05 <0.03 <0.03 <0.03 0.06 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.24 0.26 0.27 0.25 0.21 0.24 0.42 0.25 0.27 0.21 0.24 
FeO 27.0 26.2 26.9 22.4 27.2 26.2 26.7 21.7 26.7 27.3 26.7 26.9 
*Fe2O3 15.0 15.1 18.3 12.4 17.8 10.9 14.8 7.80 12.3 16.7 11.2 15.1 
NiO 0.07 0.08 0.07 0.13 0.07 0.10 0.09 0.12 0.07 0.08 0.09 0.08 
             Total 100.0 99.9 100.5 100.1 100.0 100.5 100.1 99.7 100.3 100.1 100.2 99.8 
                          
               61 62 63 64 65 66 67 68 69 70 71 72 
Nb2O5 0.26 0.26 0.43 0.32 0.26 0.15 0.18 0.40 0.17 0.37 0.33 0.26 
SiO2 0.04 0.05 0.03 <0.03 0.03 0.11 0.03 <0.03 <0.03 <0.03 0.03 0.04 
TiO2 47.9 47.3 44.5 45.9 46.7 51.0 49.7 45.2 49.7 45.0 47.1 48.5 
ZrO2 0.09 0.08 0.08 0.08 0.07 0.06 0.07 0.10 <0.03 0.09 0.07 0.06 
Al2O3 0.54 0.55 0.55 0.54 0.52 0.59 0.53 0.51 0.54 0.49 0.54 0.52 
V2O3 <0.03 <0.03 0.09 <0.03 0.27 0.12 0.23 <0.03 0.11 0.13 0.08 0.37 
Cr2O3 0.91 1.01 1.30 1.67 1.23 0.64 0.53 1.25 0.47 1.28 0.93 0.66 
MgO 9.07 8.71 7.85 8.25 8.59 10.8 10.3 7.79 9.91 7.71 8.91 9.23 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.24 0.26 0.23 0.24 0.24 0.23 0.24 0.23 0.24 0.24 0.24 
FeO 26.9 27.1 26.2 26.7 26.7 26.6 26.3 26.9 26.9 26.9 26.6 27.1 
*Fe2O3 13.9 14.6 18.1 15.7 15.1 9.68 12.1 17.4 11.9 17.4 14.8 13.3 
NiO 0.10 0.09 0.09 0.10 0.10 0.09 0.09 0.08 0.08 0.06 0.08 0.09 
             Total 100.0 99.9 99.4 99.4 99.9 100.1 100.3 99.8 99.9 99.7 99.7 100.4 
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EMP Ilmenite analyses from the Popugaevoi kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  73 74 75 76 77 78 79 80 81 82 83 84 
Nb2O5 0.39 0.39 0.39 0.18 0.41 0.35 0.37 0.23 0.34 0.25 0.43 0.34 
SiO2 0.08 <0.03 <0.03 0.15 <0.03 <0.03 <0.03 0.03 0.05 <0.03 <0.03 0.09 
TiO2 44.9 44.7 45.1 50.6 45.5 44.6 46.1 49.0 47.1 48.7 44.7 47.2 
ZrO2 0.13 0.09 0.11 0.06 0.08 0.13 0.08 0.05 0.06 0.05 0.11 0.08 
Al2O3 0.58 0.46 0.50 0.64 0.57 0.47 0.54 0.51 0.56 0.56 0.44 0.56 
V2O3 0.38 0.07 <0.03 <0.03 0.59 0.46 <0.03 <0.03 0.23 0.08 0.07 0.30 
Cr2O3 1.28 1.24 1.36 0.50 1.34 1.23 1.44 0.45 0.92 0.60 1.27 0.88 
MgO 7.96 7.74 7.81 10.5 8.05 7.64 8.22 9.99 8.77 9.41 7.56 8.85 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 <0.03 <0.03 
MnO 0.27 0.26 0.25 0.25 0.24 0.25 0.25 0.23 0.26 0.25 0.24 0.24 
FeO 26.4 26.5 26.7 26.8 26.7 26.6 27.0 26.2 26.9 27.0 26.9 26.9 
*Fe2O3 17.6 17.8 17.5 10.3 16.7 18.0 15.9 12.4 14.3 13.4 18.3 14.7 
NiO 0.08 0.06 0.10 0.08 0.08 0.08 0.09 0.08 0.09 0.06 0.09 0.10 
             Total 100.1 99.4 99.8 100.1 100.3 99.8 100.0 99.2 99.5 100.4 100.1 100.3 
                          
               85 86 87 88 89 90 91 92 93 94 95 96 
Nb2O5 0.32 0.40 0.35 0.39 0.16 0.37 0.35 0.31 0.47 0.36 0.40 0.40 
SiO2 <0.03 <0.03 <0.03 0.04 0.08 0.03 <0.03 <0.03 <0.03 0.03 0.05 0.03 
TiO2 45.9 45.2 45.2 45.0 50.1 44.8 45.6 46.8 44.7 45.5 44.9 45.1 
ZrO2 0.07 0.10 0.08 0.09 0.04 0.10 0.09 0.09 0.12 0.11 0.08 0.11 
Al2O3 0.53 0.55 0.55 0.50 0.54 0.53 0.55 0.58 0.45 0.56 0.53 0.56 
V2O3 <0.03 <0.03 <0.03 <0.03 0.17 0.35 0.38 0.15 0.27 0.28 0.94 0.22 
Cr2O3 1.23 1.26 2.16 1.25 0.46 1.42 1.48 0.86 1.24 1.34 1.29 1.38 
MgO 8.40 7.81 8.62 7.67 10.5 9.11 8.07 8.64 7.45 7.74 7.90 7.85 
CaO 0.03 0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.25 0.26 0.26 0.25 0.23 0.24 0.26 0.25 0.27 0.26 0.24 
FeO 26.3 26.8 25.4 27.0 26.2 24.2 26.7 26.8 27.1 27.2 26.5 26.7 
*Fe2O3 16.0 17.1 16.2 17.5 11.4 18.5 16.3 15.0 18.0 17.0 17.5 17.1 
NiO 0.09 0.10 0.13 0.08 0.09 0.09 0.12 0.11 0.08 0.10 0.08 0.07 
             Total 99.1 99.7 99.0 99.8 100.1 99.7 99.9 99.7 100.2 100.5 100.5 99.8 
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EMP Ilmenite analyses from the Popugaevoi kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                    
  97 98 99 100 101 102 103 104 105 
Nb2O5 0.41 0.23 0.31 0.48 0.18 0.25 0.17 0.35 0.42 
SiO2 0.04 <0.03 0.03 <0.03 0.03 0.03 0.05 0.03 0.03 
TiO2 44.8 49.2 47.3 44.3 49.4 46.7 54.1 46.0 44.2 
ZrO2 0.11 0.06 0.10 0.10 0.04 0.05 0.05 0.09 0.11 
Al2O3 0.53 0.85 0.60 0.43 0.54 0.57 0.58 0.57 0.47 
V2O3 0.16 0.11 0.70 0.21 0.00 0.39 0.22 0.25 0.39 
Cr2O3 1.35 0.95 0.93 1.24 0.48 0.89 0.92 1.05 1.29 
MgO 8.01 11.9 10.1 7.55 10.2 8.78 13.7 8.10 7.48 
CaO <0.03 0.03 <0.03 <0.03 <0.03 <0.03 0.05 <0.03 <0.03 
MnO 0.26 0.28 0.22 0.23 0.25 0.25 0.43 0.25 0.26 
FeO 26.2 23.0 24.7 26.7 26.2 26.3 23.8 27.0 26.6 
*Fe2O3 17.7 13.2 14.9 18.5 12.3 15.3 5.92 15.8 18.2 
NiO 0.10 0.13 0.10 0.06 0.06 0.07 0.10 0.09 0.08 
          Total 99.7 99.9 100.0 99.9 99.7 99.6 100.1 99.6 99.6 

















EMP Ilmenite analyses from the Tayejnaya kimberlite pipe.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.44 0.11 0.24 0.06 <0.03 0.43 0.09 <0.03 <0.03 0.19 <0.03 <0.03 
SiO2 <0.03 0.08 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.13 0.05 <0.03 
TiO2 32.8 48.1 49.1 38.7 48.0 38.0 47.8 47.2 47.4 47.6 47.9 49.1 
ZrO2 0.15 <0.03 0.05 0.09 0.04 0.09 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Al2O3 0.77 0.69 0.67 0.73 0.69 0.69 0.66 0.74 0.74 0.76 0.70 0.75 
V2O3 0.21 0.03 0.07 0.12 <0.03 0.18 <0.03 0.06 <0.03 0.03 <0.03 <0.03 
Cr2O3 1.51 0.29 0.39 0.22 0.16 0.07 0.09 0.08 0.12 0.07 0.18 0.15 
MgO 3.72 8.99 10.9 5.16 8.99 4.92 9.15 8.82 8.84 9.01 8.88 10.5 
CaO <0.03 0.04 <0.03 0.03 0.03 <0.03 <0.03 0.03 0.03 0.08 <0.03 <0.03 
MnO 0.12 0.21 0.25 0.14 0.22 0.12 0.21 0.19 0.20 0.20 0.19 0.22 
FeO 23.3 27.0 24.5 25.5 26.9 25.7 26.5 26.4 26.6 26.8 27.0 25.0 
*Fe2O3 36.8 13.9 13.7 28.9 14.9 29.4 15.2 15.8 15.8 15.1 14.3 14.0 
NiO 0.05 0.13 0.15 <0.03 0.09 0.05 0.07 0.06 0.10 0.06 0.10 0.18 
             Total 99.9 99.5 100.1 99.6 100.0 99.8 99.9 99.5 99.9 100.1 99.3 99.9 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.07 0.19 <0.03 0.15 <0.03 0.35 0.31 0.14 0.04 0.05 0.08 <0.03 
SiO2 <0.03 <0.03 0.05 0.03 0.03 <0.03 0.05 0.04 0.03 <0.03 <0.03 <0.03 
TiO2 37.8 48.0 47.0 48.0 48.0 49.6 47.2 39.3 48.1 37.2 48.2 48.5 
ZrO2 0.09 <0.03 0.04 <0.03 <0.03 0.03 <0.03 0.08 <0.03 0.11 0.04 0.04 
Al2O3 0.75 0.68 0.62 0.74 0.69 0.56 0.68 0.72 0.71 0.75 0.67 0.70 
V2O3 0.16 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 0.14 <0.03 0.16 <0.03 <0.03 
Cr2O3 0.08 0.12 0.10 0.19 0.10 1.68 0.21 0.32 0.18 0.81 0.07 0.11 
MgO 4.84 8.79 8.52 9.15 8.97 10.2 8.82 5.22 9.51 4.76 9.09 9.28 
CaO <0.03 <0.03 <0.03 0.06 0.08 <0.03 <0.03 <0.03 <0.03 0.08 0.10 <0.03 
MnO 0.12 0.20 0.18 0.20 0.19 0.22 0.18 0.13 0.22 0.12 0.21 0.23 
FeO 25.3 27.4 27.0 26.7 26.9 26.4 26.9 26.1 26.1 24.8 26.8 26.8 
*Fe2O3 30.7 14.1 15.9 14.4 14.9 10.9 15.4 27.5 15.3 30.9 14.3 14.1 
NiO 0.04 0.11 0.04 0.08 0.08 0.11 0.09 0.05 0.08 0.05 0.07 0.08 
             Total 100.0 99.8 99.5 99.8 99.9 100.1 99.9 99.8 100.2 99.7 99.6 99.8 
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EMP Ilmenite analyses from the Tayejnaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.15 0.05 0.39 <0.03 0.13 <0.03 <0.03 0.09 0.35 <0.03 <0.03 <0.03 
SiO2 <0.03 <0.03 <0.03 0.04 <0.03 <0.03 0.03 0.04 <0.03 <0.03 <0.03 <0.03 
TiO2 48.0 34.4 48.6 47.7 47.7 48.8 47.4 47.5 31.8 47.9 48.1 32.2 
ZrO2 <0.03 0.11 0.07 <0.03 0.03 <0.03 <0.03 <0.03 0.18 0.04 0.04 0.14 
Al2O3 0.67 0.80 1.20 0.72 0.63 0.66 0.73 0.76 0.72 0.69 0.68 0.78 
V2O3 <0.03 0.13 0.19 0.04 <0.03 <0.03 0.05 <0.03 0.17 <0.03 <0.03 0.19 
Cr2O3 0.22 1.27 0.27 0.11 0.17 0.15 0.08 0.09 3.58 0.15 0.08 4.08 
MgO 9.51 4.17 10.7 9.06 8.79 10.5 8.56 8.97 3.91 9.31 9.28 3.98 
CaO <0.03 <0.03 <0.03 0.03 0.03 0.07 0.13 0.05 0.09 0.10 0.07 0.12 
MnO 0.18 0.11 0.19 0.21 0.19 0.29 0.16 0.20 0.10 0.19 0.21 0.15 
FeO 26.2 23.5 24.8 26.5 27.1 24.6 27.0 26.6 21.8 26.1 26.3 21.5 
*Fe2O3 14.7 34.9 13.6 15.6 15.2 14.4 15.7 15.5 36.8 15.1 14.9 36.4 
NiO 0.08 0.07 0.15 0.07 0.05 0.11 0.08 0.06 0.07 0.10 0.08 0.11 
             Total 99.8 99.6 100.1 100.1 100.0 99.7 99.9 99.9 99.5 99.8 99.7 99.7 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.23 <0.03 <0.03 <0.03 <0.03 <0.03 0.09 <0.03 <0.03 <0.03 <0.03 <0.03 
SiO2 0.05 0.04 0.05 0.08 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.04 0.06 
TiO2 48.3 48.2 46.9 48.5 47.3 48.1 42.3 43.8 47.9 48.1 47.8 48.4 
ZrO2 0.03 0.03 <0.03 <0.03 <0.03 0.04 0.07 0.04 <0.03 <0.03 0.03 <0.03 
Al2O3 0.67 0.67 0.77 0.73 0.74 0.74 0.68 0.62 0.69 0.69 0.70 0.70 
V2O3 <0.03 <0.03 0.04 0.04 <0.03 0.03 0.09 0.06 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.20 0.12 0.04 0.22 <0.03 0.10 0.33 0.22 0.05 0.12 0.15 0.18 
MgO 9.24 9.10 8.73 9.64 8.73 9.03 7.24 7.08 9.19 9.03 9.15 9.07 
CaO 0.13 0.07 0.10 0.13 <0.03 0.18 0.07 0.06 0.07 0.04 0.19 0.20 
MnO 0.20 0.22 0.18 0.22 0.17 0.16 0.19 0.20 0.20 0.20 0.19 0.19 
FeO 26.8 26.8 26.4 26.0 26.7 26.7 24.9 26.5 26.3 26.9 26.3 26.9 
*Fe2O3 14.0 14.4 16.2 14.3 15.8 15.1 24.0 21.1 15.2 15.1 15.4 13.9 
NiO 0.09 0.10 0.06 0.14 0.08 0.06 0.08 0.05 0.10 0.07 0.09 0.15 
             Total 100.0 99.7 99.5 100.1 99.6 100.2 100.1 99.8 99.8 100.3 100.1 99.8 
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EMP Ilmenite analyses from the Tayejnaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  49 50 51 52 53 54 55 56 57 58 59 60 
Nb2O5 0.20 <0.03 0.07 0.05 0.15 0.15 0.06 0.12 0.11 0.11 0.10 0.08 
SiO2 <0.03 0.04 0.03 0.04 <0.03 <0.03 <0.03 0.05 0.06 0.03 0.04 0.05 
TiO2 48.4 47.9 48.3 48.4 49.0 48.2 47.5 47.7 48.7 48.4 47.6 48.6 
ZrO2 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 0.03 <0.03 0.03 <0.03 
Al2O3 0.71 0.68 0.65 0.67 0.63 0.93 0.66 0.76 0.65 0.69 0.64 0.71 
V2O3 <0.03 <0.03 <0.03 0.03 <0.03 0.05 0.03 <0.03 0.03 <0.03 <0.03 <0.03 
Cr2O3 0.05 0.09 0.11 0.16 0.11 4.96 0.22 0.34 0.18 0.18 0.17 0.15 
MgO 9.16 8.80 9.15 9.31 10.1 10.6 8.67 8.81 10.7 9.11 8.77 9.12 
CaO 0.26 0.06 0.29 <0.03 0.04 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.20 0.20 0.21 0.20 0.34 0.20 0.20 0.17 0.29 0.22 0.21 0.21 
FeO 26.8 27.1 26.6 26.7 25.7 24.2 27.1 27.1 24.6 27.1 27.1 27.4 
*Fe2O3 14.0 14.6 14.5 15.0 14.5 11.1 15.8 15.6 15.4 14.4 15.6 13.8 
NiO 0.09 0.05 0.06 0.10 0.09 0.17 0.05 0.09 0.12 0.09 0.08 0.06 
             Total 99.9 99.6 100.0 100.6 100.7 100.6 100.4 100.8 100.8 100.3 100.3 100.2 
                          
               61 62 63 64 65 66 67 68 69 70 71 72 
Nb2O5 0.09 0.06 0.05 0.11 0.11 0.11 0.09 0.09 0.10 0.30 0.19 0.12 
SiO2 0.03 0.05 0.04 <0.03 0.03 0.05 <0.03 0.04 <0.03 <0.03 <0.03 0.09 
TiO2 47.8 48.6 48.5 46.7 48.6 49.4 47.7 48.5 48.4 32.5 40.7 48.0 
ZrO2 <0.03 0.04 <0.03 0.05 <0.03 0.03 0.03 <0.03 0.04 0.16 0.07 0.03 
Al2O3 0.63 0.69 0.69 0.61 0.64 0.75 0.70 0.65 0.72 0.71 0.65 0.71 
V2O3 <0.03 <0.03 <0.03 0.06 <0.03 <0.03 0.04 <0.03 <0.03 0.19 0.06 <0.03 
Cr2O3 0.29 0.09 0.09 0.35 0.09 0.31 0.11 0.11 0.11 3.77 0.93 0.09 
MgO 8.74 9.11 9.06 8.92 9.05 9.88 8.85 9.71 9.23 3.97 5.89 8.91 
CaO <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.21 0.20 0.21 0.23 0.21 0.20 0.20 0.24 0.22 0.13 0.16 0.21 
FeO 27.3 27.4 27.3 25.9 27.5 26.7 26.9 26.1 26.9 22.4 26.1 27.2 
*Fe2O3 15.7 14.3 14.7 17.5 14.1 13.2 15.7 15.1 15.1 36.3 25.8 15.1 
NiO 0.06 0.07 0.09 0.10 0.09 0.10 0.10 0.07 0.07 0.09 0.08 0.09 
             Total 100.8 100.6 100.8 100.6 100.5 100.7 100.5 100.6 100.9 100.6 100.6 100.7 
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EMP Ilmenite analyses from the Tayejnaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  73 74 75 76 77 78 79 80 81 82 83 84 
Nb2O5 0.07 0.07 0.16 0.08 0.08 0.19 0.12 0.03 0.07 0.09 0.20 0.09 
SiO2 0.05 0.04 0.03 0.04 0.03 <0.03 0.03 0.04 0.06 0.05 <0.03 0.04 
TiO2 49.4 47.6 45.2 48.7 48.5 37.8 48.4 48.7 47.5 48.0 44.7 47.6 
ZrO2 <0.03 <0.03 0.06 <0.03 0.03 0.10 0.04 <0.03 <0.03 0.04 <0.03 0.03 
Al2O3 0.68 0.70 0.69 0.77 0.67 0.72 0.65 0.67 0.74 0.72 0.62 0.76 
V2O3 <0.03 <0.03 0.04 0.04 <0.03 0.12 <0.03 <0.03 0.03 0.04 0.07 0.04 
Cr2O3 0.16 0.10 0.75 0.19 0.16 1.22 0.09 0.14 0.11 0.10 0.15 0.11 
MgO 9.53 8.87 7.64 9.28 9.34 4.97 8.96 9.27 8.88 8.96 7.37 8.89 
CaO <0.03 0.04 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 
MnO 0.20 0.19 0.19 0.19 0.21 0.12 0.19 0.22 0.19 0.21 0.19 0.21 
FeO 27.3 26.8 27.0 27.1 26.8 25.2 27.5 27.1 26.8 27.0 27.1 26.8 
*Fe2O3 13.3 16.1 18.7 13.9 14.8 29.9 15.0 13.9 16.0 15.6 20.4 15.6 
NiO 0.09 0.08 0.08 0.10 0.08 0.05 0.06 0.07 0.08 0.07 0.04 0.07 
             Total 100.8 100.7 100.6 100.5 100.7 100.4 101.0 100.1 100.6 100.9 100.9 100.3 
                          
               85 86 87 88 89 90 91 92 93 94 95 96 
Nb2O5 0.10 0.21 0.16 0.10 0.08 0.06 0.10 0.08 0.10 0.09 0.07 0.09 
SiO2 0.15 <0.03 <0.03 <0.03 <0.03 0.04 0.10 0.05 0.11 0.05 0.03 0.10 
TiO2 48.6 39.0 48.1 48.7 48.9 47.7 49.7 47.5 48.1 48.2 48.7 48.2 
ZrO2 <0.03 0.07 0.04 <0.03 0.03 0.03 <0.03 <0.03 0.03 0.03 <0.03 0.03 
Al2O3 0.74 0.71 0.60 0.71 0.71 0.71 0.75 0.73 0.76 0.78 0.66 0.74 
V2O3 <0.03 0.11 <0.03 <0.03 <0.03 <0.03 <0.03 0.05 <0.03 0.03 <0.03 <0.03 
Cr2O3 0.17 1.19 0.17 0.19 0.15 0.12 0.20 0.10 0.11 0.12 0.25 0.19 
MgO 9.32 5.27 10.1 9.42 9.38 8.71 10.1 8.65 9.08 9.62 9.50 9.28 
CaO <0.03 <0.03 <0.03 <0.03 0.03 0.03 <0.03 <0.03 0.03 <0.03 0.05 0.03 
MnO 0.20 0.13 0.29 0.20 0.21 0.19 0.22 0.18 0.21 0.21 0.21 0.20 
FeO 27.1 25.8 25.1 26.9 27.0 27.2 26.5 27.1 27.0 26.1 26.6 26.7 
*Fe2O3 13.9 28.5 15.8 14.4 14.0 16.0 13.1 16.0 15.0 15.4 14.7 15.2 
NiO 0.09 0.06 0.11 0.09 0.10 0.09 0.10 0.09 0.08 0.09 0.11 0.09 
             Total 100.3 101.0 100.5 100.7 100.6 100.9 101.0 100.6 100.7 100.8 100.9 100.8 
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EMP Ilmenite analyses from the Tayejnaya kimberlite pipe continued.   
*Fe2O3 totals calculated based on standard stoichiometric methods.   
<0.03 indicates an EMP value below detection limits.   
      
  97 98 
Nb2O5 0.08 0.07 
SiO2 0.05 0.05 
TiO2 48.2 49.1 
ZrO2 0.05 <0.03 
Al2O3 0.74 0.84 
V2O3 0.04 <0.03 
Cr2O3 0.06 0.41 
MgO 9.07 10.3 
CaO <0.03 <0.03 
MnO 0.19 0.22 
FeO 27.1 25.7 
*Fe2O3 15.3 13.9 
NiO 0.06 0.12 
   Total 100.9 100.7 
















EMP Ilmenite analyses from the Udachnaya kimberlite pipe.  † indicates EMP analysis performed in Siberia. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.27 0.33 0.24 0.25 0.28 0.23 0.26 0.23 0.39 0.18 0.32 0.13 
SiO2 <0.03 <0.03 <0.03 0.03 0.10 0.05 0.08 0.15 0.11 0.08 0.15 0.10 
TiO2 46.4 47.2 47.2 46.7 46.7 48.6 47.3 47.9 45.6 48.1 46.8 51.5 
ZrO2 0.08 0.05 0.06 0.06 0.07 0.05 0.07 0.05 0.08 0.04 0.05 0.03 
Al2O3 0.22 0.43 0.29 0.34 0.63 0.54 0.31 1.27 0.55 0.60 0.37 0.67 
V2O3 0.34 <0.03 0.42 0.45 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.01 1.00 0.99 1.00 1.02 0.32 0.96 0.98 2.64 0.42 1.06 2.53 
MgO 8.49 8.73 8.62 8.36 8.63 9.26 8.66 9.51 8.56 9.27 8.62 12.0 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.27 0.24 0.25 0.25 0.40 0.23 0.24 0.26 0.42 0.25 0.23 
FeO 26.6 26.9 27.1 27.1 26.7 27.1 27.2 26.3 26.0 26.6 26.9 24.7 
*Fe2O3 15.3 14.8 15.0 15.4 14.9 12.5 14.4 12.4 14.9 13.5 14.5 7.23 
NiO 0.08 0.08 0.09 0.09 0.10 0.08 0.10 0.10 0.14 0.06 0.13 0.20 
             Total 99.1 99.8 100.2 100.0 99.4 99.2 99.6 99.1 99.3 99.3 99.2 99.3 
                          
               13 14 15 16 17 18 19 20 21 22 23† 24† 
Nb2O5 0.24 0.06 0.14 0.08 0.17 0.43 0.17 0.09 0.12 0.27 0.19 0.26 
SiO2 <0.03 <0.03 0.03 0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.07 
TiO2 40.2 48.8 49.4 50.3 40.0 35.8 41.3 49.5 48.1 47.9 46.1 46.2 
ZrO2 0.09 0.07 0.06 0.05 0.06 0.12 0.06 0.07 0.07 0.11 0.03 0.12 
Al2O3 0.02 0.47 0.60 0.61 0.03 0.11 0.05 0.55 0.47 0.29 0.51 0.59 
V2O3 0.15 <0.03 <0.03 <0.03 0.15 0.09 0.08 <0.03 <0.03 0.04 0.09 0.16 
Cr2O3 1.34 0.13 0.21 0.13 0.22 1.21 0.41 0.20 0.10 0.77 0.98 1.03 
MgO 4.21 8.26 9.13 9.27 3.54 3.57 5.06 8.96 7.56 7.40 8.56 8.66 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.23 0.23 0.24 0.27 0.14 0.21 0.23 0.22 0.28 0.24 0.23 
FeO 28.6 29.0 28.1 28.6 29.6 26.1 28.1 28.4 29.7 29.9 26.1 26.2 
*Fe2O3 24.7 12.5 11.8 10.4 25.5 31.8 24.5 11.7 13.6 12.9 16.3 15.9 
NiO 0.06 0.04 0.06 0.04 0.03 0.06 0.02 0.04 0.04 0.06 0.10 0.09 
             Total 99.8 99.5 99.8 99.8 99.6 99.4 100.0 99.8 100.0 100.0 99.2 99.6 
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EMP Ilmenite analyses from the Udachnaya kimberlite pipe continued.  † indicates EMP analysis performed in Siberia. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25† 26† 27† 28† 29† 30† 31† 32† 33† 34† 35† 36† 
Nb2O5 0.32 0.18 0.30 0.39 0.27 0.22 0.26 0.18 0.05 0.22 0.41 0.25 
SiO2 <0.03 <0.03 0.08 <0.03 <0.03 0.04 0.04 0.03 0.06 <0.03 0.03 <0.03 
TiO2 46.6 50.1 47.2 44.8 45.7 47.4 46.9 47.5 48.0 47.2 46.4 46.6 
ZrO2 0.03 0.07 0.06 0.14 0.06 0.08 0.05 0.04 0.05 <0.03 0.18 0.07 
Al2O3 0.50 0.46 0.56 0.42 0.51 0.50 0.48 0.53 0.50 0.50 0.53 0.53 
V2O3 0.14 0.13 0.13 0.22 0.09 0.20 0.15 0.14 0.13 <0.03 0.15 0.11 
Cr2O3 0.94 1.53 0.89 3.30 2.53 0.87 0.96 0.95 0.47 1.18 1.43 1.18 
MgO 8.43 10.3 7.96 8.07 8.56 8.87 8.45 8.66 8.85 8.61 8.18 8.27 
CaO <0.03 <0.03 0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 <0.03 0.03 <0.03 
MnO 0.23 0.27 0.22 0.27 0.27 0.25 0.23 0.20 0.19 0.25 0.26 0.22 
FeO 27.0 26.6 28.3 26.0 25.8 26.8 27.1 27.3 27.3 27.0 27.4 27.2 
*Fe2O3 15.6 9.87 14.2 16.7 16.6 15.5 16.0 15.3 15.3 16.1 15.9 16.6 
NiO 0.09 0.13 0.11 0.12 0.16 0.09 0.12 0.12 0.08 0.13 0.12 0.08 
             Total 100.0 99.6 100.0 100.4 100.6 100.7 100.8 100.9 100.9 101.2 101.0 101.2 
                          
               37† 38† 39† 40† 41† 42† 43† 44† 45† 46† 47† 48† 
Nb2O5 0.32 0.32 0.40 0.38 0.19 0.40 0.43 0.18 0.14 0.14 0.21 0.25 
SiO2 <0.03 <0.03 0.03 <0.03 <0.03 0.04 <0.03 <0.03 <0.03 0.03 <0.03 0.06 
TiO2 45.7 45.8 46.0 45.6 49.4 46.0 45.5 49.5 47.2 47.2 47.5 47.6 
ZrO2 0.11 0.06 0.07 0.13 0.10 0.05 0.06 <0.03 <0.03 0.07 0.17 0.23 
Al2O3 0.49 0.47 0.48 0.49 0.53 0.49 0.44 0.49 0.51 0.53 0.51 0.54 
V2O3 0.08 0.18 <0.03 <0.03 0.08 0.08 0.08 0.18 0.12 0.09 0.09 <0.03 
Cr2O3 2.66 2.61 2.64 2.74 0.34 2.67 2.90 0.33 1.03 1.06 0.85 1.51 
MgO 8.29 8.25 8.35 8.15 9.56 8.35 8.13 9.48 8.56 8.36 8.81 8.58 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.24 0.25 0.27 0.19 0.29 0.25 0.22 0.23 0.20 0.24 0.25 
FeO 26.4 26.5 26.6 26.6 27.4 26.6 26.6 27.5 27.0 27.5 27.0 27.6 
*Fe2O3 16.7 16.5 16.4 16.9 13.0 16.1 16.9 13.0 16.4 16.0 15.9 14.5 
NiO 0.13 0.13 0.13 0.13 0.08 0.13 0.16 0.08 0.09 0.09 0.10 0.12 
             Total 101.2 101.1 101.3 101.4 101.0 101.3 101.4 100.9 101.4 101.4 101.4 101.3 
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EMP Ilmenite analyses from the Udachnaya kimberlite pipe continued.  † indicates EMP analysis performed in Siberia. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  49† 50† 51† 52† 53† 54† 55† 56† 57† 58† 59† 60† 
Nb2O5 0.21 0.30 0.17 0.45 0.39 0.22 0.22 0.26 0.34 0.25 0.17 0.26 
SiO2 0.03 0.04 <0.03 <0.03 0.07 0.05 <0.03 0.03 <0.03 0.04 <0.03 <0.03 
TiO2 46.4 46.1 49.4 45.6 45.8 46.5 47.3 47.2 46.4 47.6 47.6 46.8 
ZrO2 0.03 <0.03 <0.03 0.14 0.09 0.06 <0.03 0.11 0.15 <0.03 0.09 0.08 
Al2O3 0.44 0.52 0.53 0.49 0.43 0.50 0.48 0.53 0.48 0.49 0.53 0.48 
V2O3 0.11 0.14 0.17 0.07 <0.03 0.11 0.08 0.17 0.08 0.17 0.14 0.15 
Cr2O3 2.68 1.88 0.38 2.75 2.71 1.46 1.10 1.02 2.62 1.14 1.19 1.14 
MgO 8.17 8.27 9.40 8.22 8.10 8.24 8.48 8.44 8.38 8.71 8.66 8.23 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 
MnO 0.25 0.25 0.23 0.29 0.21 0.24 0.25 0.22 0.23 0.25 0.23 0.21 
FeO 27.1 26.7 27.5 26.5 26.9 27.1 27.4 27.5 26.8 27.2 27.3 27.4 
*Fe2O3 15.8 17.1 13.2 16.9 16.7 17.0 16.0 15.7 15.8 15.4 15.3 16.5 
NiO 0.15 0.14 0.08 0.14 0.11 0.12 0.10 0.10 0.14 0.12 0.10 0.10 
             Total 101.3 101.5 101.0 101.5 101.6 101.5 101.5 101.4 101.5 101.3 101.4 101.5 
                          
               61† 62† 63† 64† 65† 66† 67† 68† 69† 70† 71† 72† 
Nb2O5 0.43 0.17 0.07 0.25 0.21 0.32 0.29 0.32 0.35 0.27 0.08 0.34 
SiO2 <0.03 <0.03 <0.03 0.05 0.05 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
TiO2 45.0 47.4 50.3 47.3 47.3 46.8 47.1 47.4 44.7 47.7 49.8 46.0 
ZrO2 0.08 0.13 <0.03 0.16 0.09 0.09 0.14 0.05 0.12 0.14 <0.03 <0.03 
Al2O3 0.40 0.49 0.51 0.51 0.48 0.50 0.55 0.53 0.36 0.47 0.51 0.45 
V2O3 0.06 0.13 0.09 0.13 0.12 0.06 0.12 0.13 0.06 0.11 0.07 0.10 
Cr2O3 3.52 0.98 0.29 0.82 1.28 1.63 1.00 1.63 3.78 0.97 0.48 2.60 
MgO 7.83 8.54 9.46 8.58 8.41 8.31 8.35 8.60 7.86 8.65 9.54 8.31 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.05 <0.03 <0.03 
MnO 0.26 0.24 0.25 0.23 0.21 0.23 0.22 0.25 0.26 0.28 0.19 0.28 
FeO 26.6 27.3 28.1 27.3 27.6 27.3 27.5 27.3 26.2 27.4 27.6 26.5 
*Fe2O3 17.2 15.9 11.9 16.1 15.7 16.3 16.2 15.2 18.1 15.4 13.0 16.9 
NiO 0.15 0.09 0.09 0.10 0.08 0.08 0.11 0.13 0.14 0.12 0.08 0.15 
             Total 101.6 101.5 101.1 101.5 101.5 101.6 101.6 101.4 101.8 101.5 101.3 101.7 
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EMP Ilmenite analyses from the Udachnaya kimberlite pipe continued.  † indicates EMP analysis performed in Siberia. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  73† 74† 75† 76† 77† 78† 79† 80† 81† 82† 83† 84† 
Nb2O5 0.28 0.40 0.28 0.37 0.16 0.19 0.27 0.20 0.34 0.26 0.38 0.11 
SiO2 <0.03 <0.03 <0.03 0.05 0.04 0.03 <0.03 <0.03 0.06 <0.03 <0.03 0.08 
TiO2 47.5 46.3 47.6 46.6 47.7 49.4 47.4 47.7 47.4 47.3 47.5 50.6 
ZrO2 0.06 <0.03 0.08 0.14 <0.03 0.04 0.07 <0.03 0.07 0.07 0.19 <0.03 
Al2O3 0.49 0.51 0.46 0.50 0.51 0.55 0.52 0.51 0.51 0.50 0.49 0.53 
V2O3 0.11 0.12 0.19 0.16 0.11 0.14 0.12 0.10 0.14 0.12 0.18 0.10 
Cr2O3 0.93 2.64 0.94 1.54 0.95 0.57 1.00 0.89 0.91 1.07 1.26 0.26 
MgO 8.74 8.44 8.53 8.22 8.70 9.44 8.40 8.55 8.60 8.46 8.59 10.2 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 
MnO 0.26 0.30 0.27 0.26 0.22 0.22 0.27 0.26 0.25 0.22 0.23 0.26 
FeO 27.1 26.6 27.6 27.4 27.3 27.6 27.6 27.5 27.4 27.4 27.6 27.1 
*Fe2O3 16.0 16.2 15.5 16.3 15.9 13.0 15.9 15.7 15.8 16.1 15.0 11.8 
NiO 0.09 0.14 0.12 0.13 0.09 0.08 0.13 0.10 0.11 0.09 0.12 0.11 
             Total 101.6 101.6 101.5 101.6 101.6 101.3 101.6 101.6 101.6 101.7 101.5 101.3 
                          
               85† 86† 87† 88† 89† 90† 91† 92† 93† 94† 95† 96† 
Nb2O5 0.22 0.39 0.26 0.28 0.40 0.31 0.22 0.23 0.29 0.16 0.22 0.27 
SiO2 0.06 0.03 <0.03 0.05 0.04 <0.03 0.03 0.03 <0.03 0.03 <0.03 0.14 
TiO2 47.9 45.6 47.5 47.4 46.0 49.5 47.6 49.9 47.4 50.8 47.7 47.7 
ZrO2 <0.03 0.08 0.05 0.15 <0.03 <0.03 <0.03 <0.03 0.09 <0.03 0.14 0.13 
Al2O3 0.48 0.49 0.50 0.50 0.45 0.47 0.52 0.53 0.54 0.47 0.49 0.59 
V2O3 0.11 0.25 0.15 0.19 0.16 <0.03 0.14 0.12 0.12 0.14 0.15 0.13 
Cr2O3 1.20 2.86 0.91 0.95 2.72 0.38 0.96 0.42 1.15 0.36 1.01 1.23 
MgO 8.73 8.09 8.47 8.64 8.16 9.81 8.73 10.7 8.52 9.84 8.69 8.58 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 0.03 
MnO 0.23 0.26 0.25 0.27 0.24 0.23 0.23 0.31 0.24 0.25 0.23 0.24 
FeO 27.5 26.7 27.6 27.3 27.0 27.1 27.2 25.6 27.5 28.0 27.4 27.7 
*Fe2O3 15.1 16.8 15.9 15.9 16.5 13.7 15.9 13.5 15.8 11.1 15.5 14.7 
NiO 0.09 0.14 0.10 0.10 0.10 0.07 0.10 0.11 0.09 0.06 0.08 0.13 
             Total 101.6 101.7 101.7 101.6 101.7 101.6 101.7 101.5 101.7 101.2 101.7 101.6 
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EMP Ilmenite analyses from the Udachnaya kimberlite pipe continued.   
† indicates EMP analysis performed in Siberia. 
*Fe2O3 totals calculated based on standard stoichiometric methods.   
<0.03 indicates an EMP value below detection limits.   
          
  97† 98† 99† 100† 
Nb2O5 0.34 0.16 0.09 0.30 
SiO2 <0.03 0.08 0.05 0.03 
TiO2 46.5 50.0 51.5 47.6 
ZrO2 0.07 <0.03 <0.03 0.09 
Al2O3 0.49 0.58 0.53 0.56 
V2O3 0.09 0.12 0.11 0.12 
Cr2O3 2.54 0.31 0.49 1.03 
MgO 8.41 9.89 10.3 8.54 
CaO <0.03 0.03 <0.03 <0.03 
MnO 0.24 0.23 0.22 0.22 
FeO 26.9 27.3 27.8 27.7 
*Fe2O3 16.1 12.7 10.0 15.5 
NiO 0.16 0.07 0.11 0.10 
     Total 101.8 101.5 101.2 101.8 















EMP Ilmenite analyses from the Ugadayka kimberlite pipe. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.40 0.38 0.28 0.18 0.13 0.26 0.27 0.14 0.16 0.29 0.15 0.17 
SiO2 <0.03 <0.03 <0.03 0.05 0.09 <0.03 0.07 0.05 0.03 0.04 0.03 <0.03 
TiO2 46.8 47.8 48.5 51.8 52.4 50.0 49.6 52.6 51.6 49.1 52.3 51.7 
ZrO2 0.05 0.06 0.06 0.05 <0.03 0.06 0.04 0.03 <0.03 0.08 <0.03 0.04 
Al2O3 0.51 0.52 0.53 0.58 0.55 0.54 0.56 0.56 0.49 0.52 0.55 0.52 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.78 1.02 0.81 1.10 1.02 1.24 0.76 0.84 1.13 0.95 1.23 0.64 
MgO 8.67 9.29 9.74 11.9 12.8 10.6 10.6 12.2 11.6 9.61 12.4 11.6 
CaO <0.03 0.04 <0.03 0.14 <0.03 0.04 <0.03 <0.03 <0.03 0.28 <0.03 <0.03 
MnO 0.30 0.29 0.25 0.25 0.24 0.28 0.27 0.23 0.27 0.28 0.24 0.27 
FeO 26.7 26.5 26.3 25.1 24.3 26.0 25.8 25.3 25.6 26.7 24.8 25.6 
*Fe2O3 14.8 13.4 13.1 8.86 7.95 11.2 11.3 7.62 9.15 12.3 8.13 8.98 
NiO 0.08 0.08 0.09 0.12 0.15 0.10 0.09 0.15 0.10 0.10 0.12 0.09 
             Total 99.2 99.3 99.7 100.1 99.6 100.4 99.3 99.8 100.1 100.3 100.0 99.6 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.13 0.22 0.17 0.29 0.23 0.25 0.39 0.21 0.30 0.18 0.40 0.39 
SiO2 <0.03 <0.03 <0.03 0.03 0.04 <0.03 <0.03 0.05 0.04 0.07 0.03 <0.03 
TiO2 52.2 51.1 51.9 50.1 51.0 49.4 47.6 52.3 48.7 51.6 48.1 47.6 
ZrO2 <0.03 0.04 <0.03 0.04 0.03 0.07 0.07 0.05 0.07 <0.03 0.08 0.07 
Al2O3 0.58 0.53 0.50 0.55 0.51 0.53 0.50 0.55 0.52 0.55 0.53 0.52 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.84 0.71 0.92 0.98 0.56 1.28 0.85 0.84 0.99 1.31 0.82 0.87 
MgO 12.5 11.2 11.9 10.5 11.3 10.2 9.06 12.0 10.0 12.1 9.25 9.15 
CaO <0.03 0.09 0.10 <0.03 0.09 <0.03 0.05 0.17 <0.03 <0.03 <0.03 <0.03 
MnO 0.22 0.27 0.25 0.28 0.28 0.28 0.28 0.25 0.25 0.26 0.27 0.27 
FeO 24.5 25.8 25.3 26.3 25.6 26.2 26.7 25.4 26.0 24.6 26.9 26.6 
*Fe2O3 8.11 9.86 8.65 10.9 9.78 11.8 13.8 8.23 12.3 9.35 13.0 14.0 
NiO 0.15 0.08 0.12 0.13 0.09 0.08 0.08 0.13 0.09 0.16 0.09 0.10 
             Total 99.2 99.9 99.8 100.0 99.4 100.1 99.4 100.1 99.3 100.2 99.5 99.5 
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EMP Ilmenite analyses from the Ugadayka kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.26 0.42 0.12 0.25 0.12 0.30 0.22 0.32 0.16 0.31 0.28 0.22 
SiO2 0.05 <0.03 0.03 0.06 0.07 <0.03 0.04 0.05 <0.03 0.06 <0.03 0.05 
TiO2 49.7 47.3 52.0 50.0 52.4 49.5 49.5 49.3 51.9 49.6 48.6 52.7 
ZrO2 0.05 0.09 0.03 0.06 0.03 0.05 0.06 0.06 <0.03 0.04 0.06 <0.03 
Al2O3 0.55 0.46 0.56 0.54 0.59 0.52 0.56 0.53 0.54 0.56 0.53 0.52 
V2O3 <0.03 0.05 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.04 1.05 1.17 0.84 1.13 0.97 0.75 0.95 0.46 1.12 0.93 1.03 
MgO 10.7 8.75 12.4 10.2 13.4 9.82 10.5 9.80 11.8 10.5 9.82 11.8 
CaO <0.03 0.04 0.16 0.12 0.11 0.21 0.12 0.11 0.22 0.33 <0.03 0.13 
MnO 0.24 0.29 0.24 0.27 0.24 0.27 0.26 0.27 0.25 0.26 0.27 0.25 
FeO 25.6 27.0 24.3 26.6 23.0 26.8 25.6 26.8 25.2 25.7 26.2 26.0 
*Fe2O3 11.2 14.2 8.50 10.5 8.31 11.8 11.2 11.7 9.01 11.5 12.7 7.77 
NiO 0.11 0.06 0.13 0.10 0.15 0.10 0.12 0.11 0.11 0.11 0.08 0.13 
             Total 99.5 99.7 99.6 99.5 99.5 100.3 99.0 100.0 99.6 100.0 99.6 100.6 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.17 0.16 0.39 0.20 0.28 0.43 0.28 0.42 0.32 0.20 0.17 <0.03 
SiO2 0.05 0.07 <0.03 <0.03 0.05 <0.03 <0.03 <0.03 0.04 0.05 0.04 0.05 
TiO2 52.4 52.1 48.3 51.7 49.3 47.9 49.6 47.6 48.1 52.3 52.5 52.1 
ZrO2 <0.03 <0.03 0.06 0.04 0.04 0.07 0.05 0.09 0.05 0.03 <0.03 0.04 
Al2O3 0.54 0.61 0.52 0.53 0.53 0.46 0.52 0.45 0.53 0.56 0.59 0.53 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.95 1.22 1.02 0.67 1.35 0.76 0.89 0.79 1.31 0.49 0.63 0.56 
MgO 12.5 12.4 9.00 11.2 10.3 8.76 10.5 8.56 9.46 11.6 12.7 12.0 
CaO 0.08 <0.03 0.19 <0.03 <0.03 <0.03 0.05 0.23 <0.03 0.37 0.09 0.12 
MnO 0.26 0.24 0.28 0.26 0.25 0.30 0.24 0.28 0.27 0.27 0.27 0.28 
FeO 24.6 24.7 27.3 26.4 26.0 27.6 26.0 27.4 26.5 25.7 24.3 25.1 
*Fe2O3 8.25 7.56 13.1 9.42 11.3 13.8 11.0 14.0 13.1 8.80 8.27 8.45 
NiO 0.16 0.16 0.07 0.11 0.12 0.07 0.08 0.06 0.09 0.10 0.10 0.08 
             Total 99.9 99.2 100.3 100.5 99.6 100.1 99.2 100.0 99.8 100.5 99.7 99.3 
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EMP Ilmenite analyses from the Ugadayka kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  49 50 51 52 53 54 55 56 57 58 59 60 
Nb2O5 0.05 0.32 0.24 <0.03 0.38 <0.03 0.33 0.53 0.41 <0.03 0.15 <0.03 
SiO2 0.13 0.05 <0.03 0.05 <0.03 <0.03 0.08 <0.03 0.04 0.06 <0.03 0.03 
TiO2 52.4 52.0 52.0 49.7 51.0 50.3 52.7 51.1 51.5 52.3 51.7 48.6 
ZrO2 <0.03 0.03 0.03 0.05 0.04 <0.03 0.03 0.03 0.03 <0.03 0.03 0.05 
Al2O3 0.60 0.51 0.52 0.55 0.54 0.55 0.62 0.54 0.54 0.62 0.56 0.56 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.78 0.81 0.62 0.63 0.43 0.59 1.17 0.50 0.46 1.41 0.90 0.75 
MgO 12.6 12.2 12.1 10.4 11.3 11.0 13.5 11.1 11.9 12.7 11.8 9.53 
CaO 0.13 0.23 0.23 0.07 <0.03 0.03 0.20 0.09 <0.03 <0.03 0.13 <0.03 
MnO 0.22 0.26 0.26 0.24 0.28 0.26 0.22 0.26 0.24 0.20 0.23 0.30 
FeO 24.5 24.8 24.8 25.7 25.8 25.2 23.2 26.4 25.3 24.1 25.1 26.4 
*Fe2O3 8.40 8.37 8.93 11.6 9.57 11.2 8.40 8.94 8.89 8.29 8.53 13.1 
NiO 0.12 0.15 0.13 0.10 0.13 0.09 0.17 0.06 0.12 0.18 0.12 0.07 
             Total 99.8 99.7 99.9 99.1 99.5 99.3 100.5 99.6 99.3 99.9 99.3 99.3 
                          
               61 62 63 64 65 66 67 68 69 70 71 72 
Nb2O5 0.16 <0.03 0.50 0.06 0.33 <0.03 0.48 <0.03 0.42 0.55 0.28 <0.03 
SiO2 0.05 0.05 0.03 <0.03 <0.03 <0.03 <0.03 0.05 0.03 0.06 <0.03 0.03 
TiO2 52.5 52.5 52.4 49.5 51.9 52.0 49.5 52.1 49.5 52.4 52.2 52.3 
ZrO2 <0.03 <0.03 <0.03 0.04 0.04 0.04 0.05 0.03 0.06 <0.03 <0.03 0.03 
Al2O3 0.52 0.57 0.63 0.55 0.56 0.54 0.52 0.61 0.56 0.64 0.53 0.55 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.84 0.88 0.76 0.88 0.72 0.60 0.72 0.77 0.72 1.50 0.77 0.87 
MgO 12.5 12.3 12.3 10.1 12.0 12.1 10.3 12.2 10.8 12.5 12.2 12.4 
CaO 0.12 0.05 0.27 0.25 0.04 0.42 0.13 0.10 0.03 0.05 <0.03 0.22 
MnO 0.24 0.23 0.25 0.26 0.27 0.28 0.29 0.26 0.26 0.22 0.26 0.26 
FeO 24.7 24.9 25.0 25.9 25.3 24.3 26.2 24.8 25.4 25.1 25.3 24.2 
*Fe2O3 8.51 8.12 8.35 12.0 8.96 9.21 11.4 8.54 11.5 7.41 7.85 8.74 
NiO 0.11 0.12 0.15 0.11 0.13 0.11 0.06 0.14 0.10 0.11 0.11 0.13 
             Total 100.2 99.8 100.7 99.7 100.2 99.6 99.7 99.6 99.5 100.5 99.5 99.8 
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EMP Ilmenite analyses from the Ugadayka kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  73 74 75 76 77 78 79 80 81 82 83 84 
Nb2O5 0.37 <0.03 0.28 0.17 0.31 0.19 0.38 0.19 0.21 0.19 0.41 0.26 
SiO2 0.07 0.03 0.06 0.05 <0.03 0.04 <0.03 0.04 0.04 0.08 0.03 0.03 
TiO2 52.5 49.7 52.4 52.7 50.4 52.5 48.9 52.3 51.8 52.3 48.0 50.0 
ZrO2 <0.03 0.05 <0.03 0.04 0.06 0.03 0.08 0.03 0.04 0.03 0.09 0.05 
Al2O3 0.55 0.55 0.59 0.56 0.51 0.55 0.54 0.51 0.52 0.54 0.49 0.52 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.89 0.98 0.84 0.78 1.12 0.76 0.76 0.65 0.58 0.79 0.72 0.78 
MgO 12.6 10.7 12.6 12.2 10.2 12.1 9.39 12.0 11.3 11.9 8.99 10.4 
CaO <0.03 0.06 0.06 <0.03 0.07 0.04 0.03 <0.03 <0.03 0.03 0.03 <0.03 
MnO 0.25 0.26 0.22 0.26 0.30 0.26 0.28 0.25 0.25 0.26 0.32 0.29 
FeO 24.9 25.3 24.7 25.5 26.9 25.4 27.3 25.6 26.4 25.7 27.3 26.4 
*Fe2O3 7.89 11.6 7.95 8.34 10.4 8.51 12.7 8.61 9.39 8.61 13.9 11.6 
NiO 0.14 0.11 0.13 0.13 0.12 0.13 0.07 0.12 0.09 0.13 0.08 0.11 
             Total 100.2 99.3 99.9 100.7 100.5 100.6 100.5 100.3 100.6 100.5 100.4 100.4 
                          
               85 86 87 88 89 90 91 92 93 94 95 96 
Nb2O5 0.40 0.11 0.25 0.11 0.18 0.11 0.20 0.39 0.32 0.34 0.28 0.14 
SiO2 0.03 0.10 0.03 0.05 <0.03 0.04 0.04 <0.03 <0.03 <0.03 0.04 0.05 
TiO2 48.3 51.9 50.1 52.4 53.0 53.6 52.5 48.4 49.9 49.2 50.2 52.5 
ZrO2 0.08 <0.03 0.06 <0.03 0.04 <0.03 <0.03 0.06 0.07 0.04 0.06 0.03 
Al2O3 0.48 0.64 0.52 0.61 0.59 0.56 0.52 0.53 0.55 0.49 0.54 0.52 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 
Cr2O3 0.76 1.73 0.75 1.80 0.73 1.20 0.65 0.77 0.87 0.97 0.75 0.84 
MgO 9.23 12.3 10.3 12.6 12.4 13.2 11.7 9.10 11.0 9.82 10.3 12.1 
CaO 0.03 <0.03 <0.03 0.03 0.03 <0.03 0.03 <0.03 <0.03 0.03 <0.03 0.05 
MnO 0.28 0.22 0.27 0.23 0.27 0.25 0.25 0.27 0.26 0.28 0.28 0.26 
FeO 27.1 24.6 26.8 24.3 25.4 24.5 26.2 27.4 25.4 26.7 26.7 25.5 
*Fe2O3 13.6 7.95 11.3 8.38 8.21 6.96 8.44 13.7 12.2 12.7 11.3 8.34 
NiO 0.07 0.15 0.11 0.17 0.13 0.17 0.11 0.08 0.11 0.08 0.12 0.12 
             Total 100.5 99.8 100.5 100.7 100.9 100.6 100.7 100.7 100.7 100.7 100.6 100.4 
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EMP Ilmenite analyses from the Ugadayka kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                    
  97 98 99 100 101 102 103 104 105 
Nb2O5 0.22 0.12 0.32 0.29 0.18 0.18 0.14 0.35 0.15 
SiO2 0.04 <0.03 <0.03 <0.03 0.06 0.03 0.05 <0.03 0.04 
TiO2 51.8 53.6 49.7 50.4 53.2 52.8 52.6 49.9 52.7 
ZrO2 <0.03 <0.03 0.07 0.06 0.04 <0.03 <0.03 0.05 0.03 
Al2O3 0.52 0.59 0.54 0.54 0.51 0.51 0.57 0.50 0.55 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.59 0.95 0.93 0.64 0.82 0.88 1.00 1.16 0.78 
MgO 11.6 13.4 9.99 10.4 12.4 12.2 12.2 10.4 12.3 
CaO <0.03 0.03 0.04 0.05 0.04 0.03 0.04 0.03 <0.03 
MnO 0.25 0.25 0.27 0.24 0.24 0.27 0.24 0.27 0.25 
FeO 25.9 24.0 26.9 26.7 25.7 25.4 25.4 26.4 25.2 
*Fe2O3 9.70 7.59 11.9 11.3 7.34 8.31 8.46 11.4 8.41 
NiO 0.10 0.16 0.11 0.08 0.13 0.14 0.13 0.13 0.14 
          Total 100.8 100.7 100.7 100.7 100.6 100.8 100.8 100.6 100.6 

















EMP Ilmenite analyses from the Ukrainskaya kimberlite pipe. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.20 0.44 0.26 0.20 0.19 0.38 0.16 0.26 0.35 0.18 0.38 0.41 
SiO2 <0.03 <0.03 0.04 0.06 <0.03 <0.03 0.06 0.07 0.03 <0.03 <0.03 <0.03 
TiO2 51.1 46.0 48.6 50.6 54.3 47.5 52.0 49.1 47.2 50.9 46.1 46.8 
ZrO2 0.04 0.13 0.07 0.04 0.04 0.10 0.04 0.06 0.10 0.05 0.10 0.08 
Al2O3 0.57 0.49 0.55 0.61 0.60 0.53 0.54 0.53 0.55 0.55 0.55 0.54 
V2O3 <0.03 0.15 <0.03 <0.03 <0.03 <0.03 0.12 <0.03 <0.03 <0.03 0.06 <0.03 
Cr2O3 0.56 2.20 1.05 0.55 0.66 1.67 0.62 0.90 1.59 0.69 1.94 1.66 
MgO 12.5 8.07 9.63 11.4 13.7 9.12 11.5 9.69 8.84 11.5 8.33 8.79 
CaO 0.03 0.03 <0.03 0.06 0.09 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.28 0.25 0.25 0.28 0.33 0.25 0.25 0.25 0.28 0.27 0.27 0.26 
FeO 23.7 27.1 26.6 25.2 24.2 26.6 26.2 27.0 26.8 25.2 26.8 26.6 
*Fe2O3 11.2 15.2 13.2 11.3 6.16 13.9 8.64 12.3 14.2 10.4 15.2 14.9 
NiO 0.00 0.13 <0.03 <0.03 <0.03 <0.03 0.10 <0.03 <0.03 <0.03 0.05 <0.03 
             Total 100.1 100.2 100.3 100.2 100.3 100.1 100.2 100.2 99.9 99.7 99.8 100.1 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.42 0.42 0.20 0.20 0.28 0.42 0.34 0.43 0.42 0.29 0.39 0.31 
SiO2 <0.03 <0.03 <0.03 0.04 0.03 <0.03 <0.03 <0.03 0.04 0.03 0.03 <0.03 
TiO2 45.4 45.9 50.7 50.1 49.6 46.0 48.5 46.3 46.7 48.6 46.7 47.4 
ZrO2 0.09 0.12 0.03 0.05 0.09 0.09 0.05 0.07 0.08 0.04 0.10 0.08 
Al2O3 0.44 0.42 0.57 0.56 0.62 0.53 0.54 0.56 0.52 0.58 0.53 0.54 
V2O3 0.22 0.33 0.35 <0.03 0.06 0.33 0.13 0.33 0.46 0.55 0.30 0.25 
Cr2O3 1.48 1.37 0.58 0.66 0.89 1.64 1.04 1.63 1.61 0.98 1.44 0.97 
MgO 8.13 8.05 11.3 10.4 11.8 8.53 9.50 8.52 8.69 9.69 8.52 9.46 
CaO <0.03 <0.03 <0.03 <0.03 0.05 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 
MnO 0.28 0.26 0.22 0.25 0.30 0.26 0.27 0.26 0.26 0.25 0.27 0.26 
FeO 26.5 27.2 25.4 26.5 23.4 26.4 26.7 26.6 26.7 26.5 26.9 25.8 
*Fe2O3 16.7 16.6 10.4 11.4 12.6 15.8 13.1 14.8 14.6 12.7 14.7 14.0 
NiO 0.09 0.07 0.11 0.10 0.12 0.08 0.10 0.11 0.08 0.10 0.10 0.10 
             Total 99.8 100.8 99.9 100.3 99.9 100.1 100.4 99.7 100.2 100.4 100.0 99.2 
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EMP Ilmenite analyses from the Ukrainskaya kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.41 0.12 0.15 0.39 0.44 0.32 0.16 0.20 0.45 0.39 0.45 0.31 
SiO2 <0.03 0.03 0.06 <0.03 0.03 0.04 <0.03 0.04 <0.03 0.03 <0.03 0.06 
TiO2 45.8 52.6 52.1 47.5 46.0 48.0 51.7 53.0 46.1 46.9 44.9 51.7 
ZrO2 0.09 0.03 0.04 0.10 0.08 0.07 0.04 0.10 0.10 0.10 0.10 0.04 
Al2O3 0.46 0.57 0.58 0.76 0.48 0.50 0.74 0.72 0.43 0.49 0.47 0.63 
V2O3 0.52 <0.03 0.13 0.14 0.43 0.66 0.19 <0.03 0.15 0.05 0.30 0.24 
Cr2O3 2.05 0.95 0.63 1.62 1.48 0.88 1.11 1.58 1.33 1.52 1.38 1.27 
MgO 8.45 12.4 11.7 11.4 8.43 9.10 13.0 13.4 8.14 8.69 8.39 12.6 
CaO <0.03 <0.03 0.03 0.06 <0.03 <0.03 0.04 0.07 <0.03 0.03 <0.03 0.04 
MnO 0.25 0.23 0.23 0.31 0.27 0.28 0.30 0.33 0.27 0.26 0.28 0.30 
FeO 26.3 25.0 25.8 22.5 26.5 27.0 23.1 23.6 27.2 26.8 25.6 24.0 
*Fe2O3 15.9 7.98 8.45 15.1 15.5 13.7 10.1 7.28 16.0 14.8 17.1 8.51 
NiO 0.10 0.14 0.10 0.10 0.09 0.09 0.15 0.12 0.06 0.09 0.08 0.13 
             Total 100.4 100.0 100.0 99.9 99.8 100.6 100.7 100.5 100.2 100.2 99.2 99.8 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.27 0.45 0.43 0.48 0.35 0.38 0.43 0.15 0.13 0.44 0.42 0.21 
SiO2 <0.03 0.04 <0.03 0.04 <0.03 0.07 <0.03 0.04 0.03 <0.03 0.03 0.03 
TiO2 48.2 48.1 46.7 46.2 47.0 46.9 45.8 51.3 53.8 46.0 45.6 51.3 
ZrO2 0.09 0.08 0.10 0.10 0.10 0.08 0.08 0.05 <0.03 0.11 0.11 0.04 
Al2O3 0.56 1.50 0.50 0.65 0.54 0.56 0.49 0.55 0.89 0.44 0.43 0.55 
V2O3 <0.03 0.85 0.59 0.23 <0.03 <0.03 <0.03 <0.03 0.03 0.09 <0.03 <0.03 
Cr2O3 1.00 1.74 1.46 1.33 1.63 1.73 1.85 1.25 1.46 1.35 1.50 0.49 
MgO 9.48 10.1 8.51 10.4 8.91 8.68 8.40 12.3 14.5 8.11 8.67 10.9 
CaO <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.09 <0.03 <0.03 <0.03 
MnO 0.24 0.28 0.26 0.24 0.28 0.27 0.26 0.25 0.39 0.27 0.27 0.26 
FeO 26.5 25.4 27.0 23.2 26.6 26.9 26.4 24.2 22.3 27.1 25.8 26.7 
*Fe2O3 13.3 12.2 14.6 16.8 14.7 14.8 15.7 10.1 6.72 16.0 17.3 10.0 
NiO 0.10 0.11 0.09 0.20 <0.03 <0.03 <0.03 <0.03 0.03 0.07 <0.03 <0.03 
             Total 99.8 100.8 100.2 100.0 100.1 100.3 99.4 100.3 100.3 100.0 100.1 100.5 
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EMP Ilmenite analyses from the Ukrainskaya kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  49 50 51 52 53 54 55 56 57 58 59 60 
Nb2O5 0.23 0.29 0.18 0.23 0.31 0.31 0.29 0.43 0.31 0.24 0.38 0.38 
SiO2 0.03 <0.03 0.04 0.12 0.04 <0.03 0.03 <0.03 0.03 0.05 0.03 0.03 
TiO2 49.5 48.9 50.6 49.7 48.1 48.8 48.9 46.3 48.3 51.2 46.3 46.3 
ZrO2 0.06 0.05 0.06 0.03 0.07 0.04 0.07 0.09 0.07 <0.03 0.10 0.09 
Al2O3 0.52 0.58 0.51 0.57 0.53 0.59 0.57 0.47 0.55 0.56 0.49 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 0.07 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.12 
Cr2O3 0.55 0.94 0.60 0.57 0.93 0.90 0.96 1.40 0.93 0.81 1.43 2.20 
MgO 10.6 11.0 10.5 9.88 10.5 9.98 9.88 8.74 9.45 11.8 9.37 8.65 
CaO <0.03 0.03 <0.03 <0.03 0.03 0.04 0.07 0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.27 0.30 0.25 0.23 0.29 0.25 0.25 0.25 0.27 0.28 0.25 0.25 
FeO 25.7 24.3 26.8 27.3 24.5 26.2 26.4 26.3 26.7 25.1 25.2 26.3 
*Fe2O3 11.9 13.6 10.7 11.2 14.4 13.1 12.6 15.8 14.0 9.56 16.2 15.1 
NiO <0.03 <0.03 <0.03 <0.03 0.06 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.10 
             Total 99.4 100.1 100.3 99.9 99.8 100.3 100.1 99.7 100.6 99.7 99.8 100.1 
                          
               61 62 63 64 65 66 67 68 69 70 71 72 
Nb2O5 0.43 0.41 0.33 0.33 0.26 0.42 0.40 0.44 0.40 0.36 0.33 0.39 
SiO2 <0.03 <0.03 0.05 0.05 <0.03 0.03 0.05 <0.03 <0.03 0.03 0.05 0.05 
TiO2 46.7 46.9 47.5 48.0 48.7 47.5 46.9 46.0 47.1 48.5 47.1 47.2 
ZrO2 0.09 0.10 0.06 0.06 0.06 0.09 0.09 0.09 0.09 0.06 0.08 0.08 
Al2O3 0.45 0.53 0.53 0.50 0.58 0.53 0.45 0.47 0.52 0.53 0.55 0.55 
V2O3 <0.03 0.09 0.11 <0.03 <0.03 <0.03 0.11 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.50 1.56 0.91 0.94 0.93 1.70 1.48 1.51 1.45 0.92 1.74 1.58 
MgO 9.53 8.88 9.12 9.81 10.2 9.05 8.54 8.26 8.84 10.5 9.23 9.20 
CaO <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 
MnO 0.29 0.29 0.28 0.27 0.25 0.24 0.27 0.27 0.26 0.25 0.25 0.27 
FeO 25.2 26.4 26.5 25.9 25.6 26.9 27.1 26.9 26.8 25.1 26.1 26.3 
*Fe2O3 15.9 15.1 14.2 13.1 13.5 13.8 14.9 15.8 14.5 13.9 14.3 14.7 
NiO <0.03 0.08 0.10 <0.03 <0.03 <0.03 0.10 <0.03 <0.03 <0.03 <0.03 <0.03 
             Total 100.1 100.4 99.7 99.0 100.1 100.3 100.4 99.8 99.9 100.2 99.9 100.3 
188 
 
EMP Ilmenite analyses from the Ukrainskaya kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  73 74 75 76 77 78 79 80 81 82 83 84 
Nb2O5 0.40 0.48 0.35 0.44 0.45 0.24 0.26 0.14 0.29 0.36 0.38 0.28 
SiO2 0.03 <0.03 <0.03 <0.03 <0.03 0.05 <0.03 0.04 0.03 0.03 <0.03 <0.03 
TiO2 47.3 46.5 48.9 45.7 47.0 50.5 48.9 51.3 48.5 47.2 45.9 49.9 
ZrO2 0.10 0.10 0.08 0.11 0.08 0.05 0.06 0.06 0.08 0.10 0.09 0.10 
Al2O3 0.55 0.45 0.53 0.40 0.52 0.51 0.57 0.53 0.52 0.54 0.52 0.59 
V2O3 0.08 <0.03 0.04 <0.03 0.51 <0.03 <0.03 <0.03 0.04 0.39 0.03 0.27 
Cr2O3 1.71 1.37 0.89 1.34 1.57 0.57 0.89 0.63 1.01 1.78 2.16 0.86 
MgO 8.98 9.93 10.5 8.17 8.98 10.5 9.67 11.4 9.53 9.11 8.81 11.8 
CaO 0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 
MnO 0.27 0.29 0.27 0.29 0.27 0.23 0.26 0.25 0.26 0.26 0.26 0.28 
FeO 26.7 24.4 25.3 26.7 26.4 26.7 26.7 25.7 26.6 26.4 25.6 23.8 
*Fe2O3 14.2 16.5 13.3 16.4 15.0 10.8 12.7 9.49 13.2 14.0 16.5 12.4 
NiO 0.07 <0.03 0.03 0.06 0.09 0.09 0.13 0.12 0.10 0.11 0.10 0.08 
             Total 100.4 100.1 100.2 99.6 100.9 100.2 100.1 99.7 100.2 100.3 100.3 100.5 
                          
               85 86 87 88 89 90 91 92 93 94 95 96 
Nb2O5 0.41 0.21 0.42 0.35 0.42 0.40 0.31 0.34 0.31 0.28 0.43 0.20 
SiO2 <0.03 0.04 <0.03 <0.03 <0.03 <0.03 0.03 0.03 <0.03 <0.03 <0.03 <0.03 
TiO2 46.6 50.2 46.7 47.3 46.5 46.2 48.0 46.3 47.5 47.8 46.4 52.4 
ZrO2 0.12 0.05 0.09 0.08 0.09 0.10 0.08 0.11 0.08 0.08 0.07 0.06 
Al2O3 0.43 0.56 0.53 0.60 0.47 0.47 0.54 0.57 0.57 0.53 0.44 0.79 
V2O3 <0.03 0.16 0.28 0.23 <0.03 0.47 <0.03 0.63 0.31 <0.03 <0.03 <0.03 
Cr2O3 1.36 0.64 1.43 1.59 1.48 1.44 0.96 1.62 0.90 1.05 1.44 1.71 
MgO 8.35 11.9 8.58 10.2 8.43 8.19 9.24 8.73 9.14 9.38 8.24 14.0 
CaO 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.07 
MnO 0.27 0.26 0.28 0.24 0.26 0.25 0.25 0.25 0.25 0.23 0.27 0.38 
FeO 27.2 23.9 26.8 24.5 27.0 27.1 26.8 26.2 26.5 26.3 27.2 21.8 
*Fe2O3 14.9 12.0 14.7 14.5 14.9 15.1 13.2 15.1 14.2 13.5 15.5 8.57 
NiO 0.07 0.11 0.13 0.12 0.07 0.09 0.08 0.10 0.09 0.11 0.07 0.10 
             Total 99.7 100.0 100.0 99.7 99.6 99.8 99.5 100.0 99.8 99.4 100.0 100.2 
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EMP Ilmenite analyses from the Ukrainskaya kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.   
<0.03 indicates an EMP value below detection limits.   
                
  97 98 99 100 101 102 103 
Nb2O5 0.21 0.35 0.30 0.33 0.17 0.16 0.45 
SiO2 <0.03 <0.03 <0.03 <0.03 0.06 0.08 <0.03 
TiO2 49.4 47.8 48.0 47.3 50.7 50.3 45.8 
ZrO2 0.05 0.10 0.06 0.08 0.05 0.03 0.10 
Al2O3 0.56 0.53 0.59 0.57 0.56 0.59 0.49 
V2O3 0.30 0.60 0.22 <0.03 <0.03 <0.03 0.60 
Cr2O3 0.85 0.91 0.93 0.96 0.98 0.66 1.44 
MgO 10.2 10.8 9.39 9.26 11.0 10.8 8.47 
CaO <0.03 <0.03 <0.03 <0.03 0.03 0.03 <0.03 
MnO 0.26 0.25 0.27 0.25 0.24 0.23 0.28 
FeO 26.1 23.8 26.4 26.1 25.9 26.0 26.3 
*Fe2O3 11.7 14.8 14.0 14.3 10.3 11.1 16.5 
NiO 0.09 0.09 0.10 0.09 0.15 0.08 0.09 
        Total 99.8 100.0 100.2 99.3 100.1 100.1 100.5 
















EMP Ilmenite analyses from the Zagadochnaya kimberlite pipe. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.37 0.41 0.32 0.29 0.36 0.35 0.31 0.36 0.37 0.38 0.31 0.35 
SiO2 0.06 0.04 <0.03 0.04 <0.03 <0.03 <0.03 0.03 0.04 0.04 0.09 0.04 
TiO2 49.1 47.9 48.7 50.4 48.7 47.1 49.0 48.5 48.2 48.5 49.8 48.8 
ZrO2 0.07 0.07 0.07 0.04 0.05 0.07 0.07 0.08 0.10 0.08 0.05 0.06 
Al2O3 0.53 0.47 0.54 0.50 0.47 0.52 0.53 0.50 0.53 0.44 0.58 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.88 0.85 0.81 1.03 0.85 2.05 0.89 0.83 0.84 0.77 1.10 0.93 
MgO 9.68 8.80 9.43 10.6 9.56 9.01 9.78 9.38 9.11 8.98 10.5 9.90 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 
MnO 0.26 0.28 0.28 0.27 0.31 0.27 0.26 0.29 0.30 0.31 0.31 0.29 
FeO 27.0 27.6 27.0 26.5 26.8 26.4 26.7 27.0 27.2 27.7 26.1 26.3 
*Fe2O3 12.0 13.5 12.7 10.3 12.5 14.3 12.2 13.3 13.2 12.9 11.1 13.1 
NiO 0.10 0.06 0.09 0.11 0.09 0.08 0.09 0.08 0.08 0.06 0.14 0.10 
             Total 100.1 100.0 99.9 100.0 99.7 100.2 99.9 100.4 100.1 100.3 100.1 100.3 
                          
               13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.36 0.36 0.41 0.24 0.22 0.05 0.38 0.03 0.35 0.08 0.46 0.45 
SiO2 0.04 0.12 0.03 0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.06 <0.03 0.05 
TiO2 49.2 48.2 48.4 50.4 45.8 50.2 48.0 49.6 48.7 51.3 47.9 47.8 
ZrO2 0.07 0.07 0.08 0.05 0.06 <0.03 0.10 <0.03 0.06 <0.03 0.07 0.08 
Al2O3 0.52 0.48 0.42 0.50 0.52 <0.03 0.51 <0.03 0.53 0.79 0.47 0.50 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 0.05 0.09 0.11 0.14 <0.03 0.12 0.14 
Cr2O3 0.86 1.37 0.70 1.18 0.95 0.12 0.83 0.13 0.93 1.48 0.79 0.82 
MgO 9.65 9.58 9.20 10.5 8.72 0.61 9.09 0.57 9.48 12.3 8.71 8.71 
CaO 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 
MnO 0.28 0.29 0.29 0.28 0.24 0.29 0.29 0.28 0.29 0.22 0.29 0.30 
FeO 27.1 26.4 27.3 26.5 25.6 43.8 27.1 43.4 27.0 24.0 27.7 27.7 
*Fe2O3 12.1 13.4 13.4 10.3 16.4 5.04 13.3 5.23 13.0 8.53 13.5 13.3 
NiO 0.08 0.10 0.07 0.11 0.07 <0.03 0.07 <0.03 0.10 0.15 0.08 0.06 
             Total 100.2 100.3 100.3 100.1 98.5 100.2 99.8 99.4 100.6 99.0 100.2 100.0 
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EMP Ilmenite analyses from the Zagadochnaya kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.34 0.21 0.43 0.32 0.43 0.34 0.30 0.33 0.33 0.14 0.37 0.34 
SiO2 <0.03 <0.03 <0.03 0.31 <0.03 0.03 0.04 0.07 <0.03 0.06 <0.03 <0.03 
TiO2 48.7 49.7 48.5 49.0 48.2 48.2 48.3 50.0 49.0 50.2 48.9 48.4 
ZrO2 0.07 0.06 0.07 0.07 0.07 0.08 0.06 0.08 0.07 0.03 0.07 0.07 
Al2O3 0.50 0.48 0.50 0.73 0.44 0.54 0.53 0.52 0.51 0.53 0.54 0.59 
V2O3 <0.03 <0.03 <0.03 0.43 0.06 <0.03 0.60 <0.03 <0.03 0.12 0.04 0.38 
Cr2O3 0.91 1.54 0.84 0.82 0.72 0.84 0.91 0.84 0.84 0.22 0.91 0.82 
MgO 9.43 10.4 9.53 11.1 9.32 9.26 10.1 11.8 10.4 9.82 9.99 9.72 
CaO <0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.28 0.26 0.32 0.32 0.31 0.28 0.30 0.30 0.30 0.26 0.28 0.29 
FeO 27.0 26.0 26.8 24.6 26.9 26.9 25.5 24.0 25.6 27.5 26.3 26.2 
*Fe2O3 12.3 11.2 12.4 12.1 13.2 13.5 13.6 11.8 12.9 10.9 12.8 13.1 
NiO 0.07 0.15 0.09 0.09 0.05 0.11 0.07 0.11 0.08 0.07 0.07 0.08 
             Total 99.7 100.1 99.5 100.0 99.7 100.0 100.3 99.8 100.1 99.9 100.2 100.0 
                          
               37 38 39 40 41 42 43 44 45 46 47 48 
Nb2O5 0.38 0.43 0.37 0.32 0.32 0.32 0.25 0.39 0.39 0.35 0.13 0.36 
SiO2 <0.03 0.05 <0.03 <0.03 0.03 <0.03 0.06 0.03 <0.03 0.06 0.08 <0.03 
TiO2 49.2 48.5 49.0 48.4 48.9 49.1 49.8 48.9 48.5 49.3 50.6 48.7 
ZrO2 0.07 0.09 0.05 0.06 0.07 0.06 0.04 0.06 0.04 0.07 0.03 0.09 
Al2O3 0.53 0.49 0.52 0.54 0.49 0.51 0.57 0.47 0.42 0.58 0.51 0.49 
V2O3 0.26 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.84 0.75 0.90 0.83 0.83 0.77 1.30 0.86 0.78 0.95 0.28 0.86 
MgO 9.66 9.54 9.68 9.45 9.49 9.57 10.4 9.78 9.17 9.94 9.53 9.38 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.30 0.27 0.31 0.28 0.29 0.24 0.27 0.29 0.31 0.30 0.23 0.28 
FeO 27.1 26.8 26.9 26.8 27.1 27.2 26.3 26.7 27.3 26.7 28.4 27.2 
*Fe2O3 12.1 13.4 12.4 13.1 12.2 12.4 11.1 12.2 12.9 11.7 10.0 12.6 
NiO 0.09 0.06 0.09 0.10 0.08 0.08 0.12 0.09 0.07 0.11 0.06 0.07 
             Total 100.6 100.4 100.2 99.9 99.8 100.3 100.2 99.8 100.0 100.1 99.9 99.9 
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EMP Ilmenite analyses from the Zagadochnaya kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  49 50 51 52 53 54 55 56 57 58 59 60 
Nb2O5 0.40 0.39 0.42 0.35 0.35 0.12 0.33 0.41 0.45 0.35 0.27 0.30 
SiO2 <0.03 <0.03 0.03 <0.03 0.03 0.07 <0.03 <0.03 <0.03 0.05 <0.03 0.03 
TiO2 47.5 48.4 49.0 49.3 48.8 51.1 48.1 47.3 47.0 48.3 49.3 49.1 
ZrO2 0.09 0.07 0.06 0.08 0.07 <0.03 0.08 0.10 0.08 0.05 0.06 0.03 
Al2O3 0.45 0.55 0.47 0.51 0.55 0.52 0.54 0.41 0.42 0.52 0.55 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.63 0.43 0.34 0.06 0.08 <0.03 
Cr2O3 0.83 0.99 0.93 0.88 0.87 0.21 0.80 0.85 0.99 0.80 0.91 0.91 
MgO 8.74 9.25 9.52 9.78 9.61 9.98 9.61 8.70 9.15 9.26 9.88 11.9 
CaO <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 0.03 
MnO 0.27 0.30 0.29 0.29 0.29 0.26 0.27 0.29 0.31 0.31 0.29 0.31 
FeO 27.3 27.1 27.3 27.0 26.9 28.1 26.2 27.1 26.1 27.0 26.6 22.9 
*Fe2O3 14.2 13.1 11.8 11.4 12.2 9.34 13.1 14.4 15.0 13.0 12.0 13.6 
NiO 0.05 0.07 0.10 0.09 0.08 0.06 0.07 0.06 0.05 0.08 0.10 0.08 
             Total 99.9 100.3 99.9 99.8 99.8 99.8 99.8 100.0 99.9 99.8 100.1 99.7 
                          
               61 62 63 64 65 66 67 68 69 70 71 72 
Nb2O5 0.16 0.41 0.39 0.37 0.14 0.37 0.29 0.29 0.36 0.15 0.28 0.28 
SiO2 0.03 <0.03 <0.03 0.04 0.06 <0.03 <0.03 <0.03 0.03 0.15 0.06 0.06 
TiO2 50.7 47.3 47.8 48.0 50.6 49.2 49.9 50.1 48.4 52.3 49.6 48.0 
ZrO2 0.03 0.07 0.10 0.10 0.03 0.05 0.06 0.10 0.06 0.04 0.06 0.09 
Al2O3 0.52 0.45 0.46 0.55 0.43 0.55 0.56 0.31 0.60 0.80 0.48 0.52 
V2O3 0.47 0.25 <0.03 0.16 <0.03 <0.03 <0.03 0.33 0.22 0.32 0.08 0.04 
Cr2O3 0.22 0.84 0.84 0.89 0.25 0.86 0.81 0.75 0.85 0.70 0.84 0.81 
MgO 9.77 8.72 8.73 9.32 9.75 10.9 10.9 11.6 9.49 12.1 10.2 9.42 
CaO <0.03 0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.05 <0.03 <0.03 <0.03 <0.03 
MnO 0.26 0.29 0.30 0.28 0.25 0.23 0.24 0.34 0.29 0.27 0.37 0.26 
FeO 28.0 27.1 27.5 26.7 28.0 24.8 25.3 24.3 26.7 25.5 26.3 26.4 
*Fe2O3 10.5 14.6 14.3 13.6 10.7 12.8 11.8 11.9 12.8 8.09 12.1 14.4 
NiO 0.07 0.04 0.09 0.08 0.08 0.12 0.11 0.09 0.10 0.10 0.13 0.07 
             Total 100.7 100.1 100.5 100.0 100.3 99.9 100.0 100.1 100.0 100.4 100.5 100.4 
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EMP Ilmenite analyses from the Zagadochnaya kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.  <0.03 indicates an EMP value below detection limits.   
                          
  73 74 75 76 77 78 79 80 81 82 83 84 
Nb2O5 0.42 0.10 0.31 0.35 0.16 0.20 0.19 0.40 0.17 0.27 0.31 0.24 
SiO2 <0.03 0.05 <0.03 0.03 0.05 <0.03 0.04 0.04 0.03 <0.03 <0.03 <0.03 
TiO2 47.4 50.9 49.2 47.6 52.2 51.3 51.9 47.9 50.1 49.7 50.3 53.2 
ZrO2 0.07 <0.03 0.07 0.07 <0.03 0.06 <0.03 0.09 <0.03 0.06 0.03 0.05 
Al2O3 0.46 0.50 0.35 0.48 0.42 0.57 0.57 0.54 0.49 0.54 0.50 0.28 
V2O3 <0.03 <0.03 0.05 <0.03 0.21 0.19 0.22 <0.03 <0.03 0.11 0.09 <0.03 
Cr2O3 0.72 0.26 0.87 0.82 0.77 0.48 0.66 0.91 0.27 1.16 1.16 0.98 
MgO 8.66 10.5 10.7 9.23 11.9 11.6 12.4 9.33 9.59 10.5 11.3 13.1 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 0.04 
MnO 0.30 0.25 0.28 0.29 0.27 0.26 0.23 0.27 0.25 0.29 0.31 0.47 
FeO 27.4 27.0 25.2 26.4 25.6 25.3 24.4 26.6 27.9 26.0 25.0 24.2 
*Fe2O3 14.6 10.7 12.7 14.4 8.40 10.2 9.55 13.8 10.9 11.4 10.8 6.77 
NiO 0.06 0.06 0.08 0.07 0.12 0.09 0.11 0.10 0.05 0.10 0.13 0.10 
             Total 100.1 100.3 99.8 99.8 100.1 100.4 100.3 99.9 99.8 100.1 100.0 99.5 
                          
               85 86 87 88 89 90 91 92 93 94 95 96 
Nb2O5 0.39 0.37 0.37 0.39 0.33 0.43 0.09 0.14 0.32 0.36 0.34 0.46 
SiO2 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.04 <0.03 <0.03 0.03 <0.03 
TiO2 50.4 50.0 50.7 48.1 48.8 48.2 50.5 52.5 47.2 46.1 48.2 48.3 
ZrO2 0.05 0.04 0.09 0.08 0.08 0.09 0.03 0.04 0.05 0.06 0.04 0.08 
Al2O3 0.50 0.55 0.38 0.48 0.50 0.49 0.51 0.56 0.54 0.52 0.56 0.43 
V2O3 0.11 0.10 <0.03 0.21 0.32 0.10 <0.03 <0.03 <0.03 0.03 0.14 <0.03 
Cr2O3 0.76 0.84 0.68 0.73 0.94 0.76 0.25 0.63 0.93 1.93 0.88 0.73 
MgO 11.1 11.2 11.4 9.31 10.6 9.97 10.3 12.2 9.36 9.49 10.7 9.09 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 
MnO 0.31 0.29 0.29 0.31 0.31 0.28 0.25 0.26 0.29 0.25 0.24 0.30 
FeO 25.6 25.1 25.5 26.7 25.0 25.7 26.8 25.4 25.8 24.6 24.4 27.4 
*Fe2O3 11.1 11.2 10.7 13.3 13.0 14.5 10.6 8.78 14.2 15.3 13.2 13.1 
NiO 0.09 0.10 0.07 0.08 0.08 0.07 0.07 0.11 0.08 0.08 0.11 0.06 
             Total 100.6 99.8 100.2 99.7 100.1 100.6 99.5 100.6 98.8 98.8 98.8 100.0 
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EMP Ilmenite analyses from the Zagadochnaya kimberlite pipe continued. 
*Fe2O3 totals calculated based on standard stoichiometric methods.   
<0.03 indicates an EMP value below detection limits.   
      
  97 98 
Nb2O5 0.37 0.44 
SiO2 0.03 0.05 
TiO2 48.9 47.8 
ZrO2 0.06 0.08 
Al2O3 0.51 0.52 
V2O3 <0.03 <0.03 
Cr2O3 0.87 0.88 
MgO 9.66 9.29 
CaO <0.03 <0.03 
MnO 0.29 0.29 
FeO 26.8 26.6 
*Fe2O3 12.5 14.1 
NiO 0.09 0.07 
   Total 100.2 100.1 



















EMP and associated LA-ICP-MS Ilmenite analyses from the XXIII Congress kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.07 0.10 0.07 0.08 0.07 0.07 0.10 0.11 0.10 0.12 0.06 0.08 
SiO2 0.03 0.07 <0.03 0.30 <0.03 0.04 0.03 0.05 0.30 0.03 0.03 <0.03 
TiO2 48.6 48.3 48.2 47.7 47.3 47.6 48.6 48.4 47.8 46.0 48.5 48.1 
ZrO2 <0.03 0.04 0.03 0.04 0.00 0.06 0.00 0.03 0.00 0.04 0.05 0.05 
Al2O3 0.68 0.73 0.69 0.81 0.70 0.72 0.71 0.69 0.80 0.59 0.67 0.66 
V2O3 <0.03 <0.03 <0.03 0.05 0.08 <0.03 0.08 0.05 0.14 0.12 <0.03 <0.03 
Cr2O3 0.17 0.15 0.12 0.11 0.11 0.09 0.13 0.16 0.13 0.19 0.15 0.10 
MgO 9.30 8.86 8.85 8.93 8.53 8.63 9.16 8.74 8.87 7.53 8.78 8.47 
CaO 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 
MnO 0.21 0.21 0.20 0.22 0.21 0.17 0.20 0.20 0.19 0.20 0.21 0.21 
FeO 26.9 27.5 27.3 27.1 27.1 27.3 27.3 27.9 27.4 27.8 27.8 28.1 
*Fe2O3 13.4 13.5 14.1 14.3 15.0 14.8 13.1 13.4 13.9 16.8 13.4 14.1 
NiO 0.11 0.05 0.08 0.07 0.07 0.07 0.08 0.06 0.07 0.06 0.09 0.06 
             Ca 128 119 133 128 122 125 145 147 146 125 189 144 
Sc 24 21 26 21 22 22 20 24 23 25 23 26 
Ti 291426 289306 288640 285931 283287 285251 291558 290202 286688 275608 290708 288560 
V 2252 2379 2039 2326 2399 2423 2501 1944 2288 2329 2114 1968 
Cr 962 724 483 602 476 483 889 756 635 1236 796 499 
Mn 2187 2206 1883 2223 1993 2013 2286 1879 2110 2110 1984 2155 
Co 229 238 191 242 240 236 264 198 223 219 211 188 
Ni 917 765 547 725 727 723 976 702 694 446 759 580 
Cu 58 57 45 56 55 54 72 48 54 36 51 32 
Zn 185 220 172 235 207 207 217 164 209 218 183 243 
Zr 287 273 342 276 261 269 259 301 293 429 311 336 
Nb 699 733 750 754 651 654 664 679 745 1113 710 746 
Mo 2 2 2 3 3 3 3 2 2 3 2 2 
Sn 10 11 9 11 11 11 11 8 10 14 10 9 
Hf 11 10 13 11 10 11 10 13 12 15 12 13 
Ta 63 67 76 68 62 63 60 69 72 105 69 79 





EMP and associated LA-ICP-MS Ilmenite analyses from the XXIII Congress kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.14 0.08 0.12 0.15 0.06 0.07 0.18 0.04 0.13 0.09 0.09 0.14 
SiO2 0.34 0.03 0.06 0.07 0.04 <0.03 0.07 0.06 0.06 0.03 0.03 0.03 
TiO2 45.5 48.1 47.7 45.7 46.6 48.4 46.3 47.9 46.5 45.9 48.3 47.4 
ZrO2 0.05 0.05 0.05 0.03 0.04 0.05 0.04 <0.03 0.05 <0.03 <0.03 0.03 
Al2O3 0.81 0.76 0.67 0.58 0.72 0.69 0.60 0.67 0.64 0.63 0.66 0.64 
V2O3 0.04 <0.03 <0.03 0.04 0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.31 <0.03 
Cr2O3 0.19 0.15 0.12 0.11 0.09 0.14 0.18 0.13 0.16 0.15 0.11 0.21 
MgO 7.36 9.07 8.95 7.87 8.58 9.16 7.66 8.98 8.27 7.95 8.94 8.57 
CaO 0.04 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 
MnO 0.21 0.20 0.19 0.21 0.20 0.20 0.18 0.21 0.20 0.21 0.21 0.21 
FeO 28.1 27.0 26.8 27.1 26.5 27.0 28.1 26.9 27.1 27.0 27.4 27.2 
*Fe2O3 16.7 13.9 14.3 17.2 15.8 13.8 15.9 14.1 15.5 16.8 14.0 15.2 
NiO <0.03 0.10 0.10 0.05 0.09 0.11 0.06 0.10 0.05 0.05 0.08 0.06 
             Ca 109 155 - - - - - - - - 139 135 
Sc 26 24 23 24 23 23 27 23 24 24 26 25 
Ti 272509 288587 285660 273866 279574 290091 277679 287228 278984 275419 289504 284016 
V 2067 1892 1727 1844 1908 1863 1806 1892 1818 1876 1835 1908 
Cr 891 678 631 528 447 792 908 651 848 761 479 1072 
Mn 1875 1752 1792 1829 1679 1798 1818 1818 1773 1812 1921 1988 
Co 183 189 178 184 183 199 174 189 174 178 190 184 
Ni 354 619 510 321 544 724 339 642 392 374 571 436 
Cu 27 51 45 31 44 54 28 46 32 30 47 43 
Zn 180 173 186 207 171 169 185 168 171 176 151 160 
Zr 453 272 287 377 282 285 450 291 370 379 322 352 
Nb 1092 566 618 925 617 604 1054 633 882 972 739 850 
Mo 2 2 2 3 2 2 2 2 2 2 2 2 
Sn 13 9 9 13 10 9 13 9 11 11 9 10 
Hf 17 11 11 15 11 11 18 10 15 14 13 13 
Ta 109 54 62 92 60 57 101 64 90 95 75 87 





EMP and associated LA-ICP-MS Ilmenite analyses from the XXIII Congress kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.07 0.11 0.08 0.08 0.11 0.12 0.12 0.10 <0.03 0.08 0.16 0.19 
SiO2 0.04 <0.03 0.05 0.04 0.03 0.04 0.03 0.04 0.03 0.03 <0.03 <0.03 
TiO2 47.2 48.2 48.6 48.1 46.8 47.7 48.0 45.8 48.2 47.9 51.4 51.0 
ZrO2 0.03 0.04 0.04 0.04 0.04 <0.03 0.05 0.05 <0.03 <0.03 0.07 0.05 
Al2O3 0.72 0.64 0.70 0.65 0.77 0.68 0.73 0.63 0.69 0.68 0.25 0.47 
V2O3 0.08 <0.03 <0.03 <0.03 0.10 <0.03 <0.03 0.08 0.08 <0.03 <0.03 0.05 
Cr2O3 0.08 0.05 0.13 0.10 0.16 0.11 0.13 0.25 0.20 0.10 0.25 0.26 
MgO 8.62 8.97 9.28 8.96 8.73 8.82 9.06 8.04 9.15 9.04 11.3 12.5 
CaO <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.18 0.21 0.21 0.22 0.19 0.20 0.23 0.19 0.20 0.21 0.39 0.33 
FeO 26.9 27.2 27.0 27.2 26.4 27.1 26.9 26.8 26.8 26.8 25.8 23.3 
*Fe2O3 16.2 14.6 13.9 14.8 16.9 14.6 14.9 18.2 14.3 15.0 10.0 11.2 
NiO 0.08 0.08 0.10 0.07 0.06 0.06 0.07 0.07 0.09 0.07 0.05 0.15 
             Ca 156 158 158 156 145 173 180 142 171 155 76 112 
Sc 26 25 24 23 23 23 26 27 23 25 26 21 
Ti 282632 288992 291196 288461 280422 286070 287873 274464 288762 287092 308179 305641 
V 2060 1797 1891 2149 2095 2029 1981 1947 2004 1821 2134 1917 
Cr 354 320 712 530 784 444 651 1148 1171 524 1320 1364 
Mn 1777 1827 1874 2139 1632 2053 1878 1764 1949 1818 1570 1501 
Co 189 189 188 221 196 211 198 169 208 188 160 169 
Ni 517 501 597 587 507 566 532 356 838 587 423 742 
Cu 44 45 46 51 49 53 54 29 55 46 29 48 
Zn 153 156 146 186 155 185 161 142 169 158 147 134 
Zr 315 319 298 268 299 277 296 430 256 299 500 300 
Nb 708 745 674 682 702 670 692 1035 583 685 1024 510 
Mo 2 2 2 2 3 2 2 2 2 2 2 2 
Sn 10 9 9 11 12 11 10 11 9 9 10 7 
Hf 12 12 12 10 13 10 11 16 10 11 19 11 
Ta 71 76 69 63 65 64 68 107 55 68 111 55 





EMP and associated LA-ICP-MS Ilmenite analyses from the XXIII Congress kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
  37 38 
Nb2O5 0.15 0.16 
SiO2 <0.03 <0.03 
TiO2 53.4 51.6 
ZrO2 <0.03 0.07 
Al2O3 0.33 0.47 
V2O3 <0.03 0.07 
Cr2O3 0.18 0.16 
MgO 12.1 10.4 
CaO 0.04 <0.03 
MnO 0.33 0.25 
FeO 26.2 27.7 
*Fe2O3 7.1 9.0 
NiO 0.19 0.09 
   Ca 108 104 
Sc 23 24 
Ti 320299 309155 
V 1839 1828 
Cr 866 873 
Mn 2301 2152 
Co 173 154 
Ni 1057 629 
Cu 23 21 
Zn 98 103 
Zr 322 349 
Nb 888 899 
Mo - 1 
Sn 7 7 
Hf 12 13 
Ta 85 84 





EMP and associated LA-ICP-MS Ilmenite analyses from the Elektra kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.21 0.42 0.30 0.16 0.33 0.28 0.30 0.28 0.44 0.16 0.31 0.45 
SiO2 0.04 0.06 <0.03 <0.03 <0.03 0.05 0.04 0.04 <0.03 0.05 0.05 0.03 
TiO2 50.4 44.9 47.2 50.7 47.5 47.1 47.3 47.1 44.5 49.9 47.8 44.8 
ZrO2 0.04 0.08 0.08 <0.03 0.07 0.06 0.07 0.07 0.10 0.04 0.06 0.10 
Al2O3 0.52 0.50 0.52 0.53 0.57 0.52 0.56 0.53 0.43 0.58 0.58 0.51 
V2O3 <0.03 0.13 <0.03 <0.03 0.05 <0.03 <0.03 0.03 0.10 <0.03 <0.03 <0.03 
Cr2O3 0.48 1.26 0.90 0.53 0.94 0.94 0.89 0.94 1.19 0.44 0.79 1.24 
MgO 10.3 7.75 8.84 10.5 8.66 8.71 9.12 9.02 7.57 10.5 9.03 7.64 
CaO 0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 
MnO 0.24 0.29 0.25 0.25 0.25 0.26 0.24 0.23 0.25 0.22 0.25 0.25 
FeO 26.8 26.7 26.8 26.8 27.3 26.8 26.3 26.4 26.7 26.0 27.0 26.9 
*Fe2O3 11.3 18.0 14.8 10.8 14.7 15.1 15.0 15.4 18.6 12.1 14.2 18.1 
NiO 0.07 0.11 0.06 0.10 0.10 0.11 0.10 0.07 0.08 0.09 0.09 0.07 
             Ca 98 - - 134 85 - - 118 69 132 85 - 
Sc 27 37 31 27 31 31 28 29 36 25 29 34 
Ti 301897 268998 282922 303982 284683 282530 270282 282375 266853 299011 286733 268298 
V 1888 2056 1950 1787 2047 1964 1883 1948 2202 1762 1779 2023 
Cr 3172 7784 5466 3060 5922 5975 5767 5989 7883 2754 4606 7850 
Mn 2200 2251 2156 2125 2253 2196 2176 2245 2333 2030 2086 2262 
Co 202 160 173 200 182 176 180 182 170 198 166 165 
Ni 753 676 747 703 798 811 817 836 668 766 707 665 
Cu 34 14 20 38 20 20 22 21 14 33 20 16 
Zn 176 189 199 185 209 200 195 199 210 161 173 186 
Zr 385 869 570 367 569 542 556 558 885 354 502 745 
Nb 1359 2977 2040 1210 2162 1956 2080 1972 3216 1264 1792 2897 
Mo 2 2 2 2 3 3 2 2 2 2 2 2 
Sn 13 20 16 10 17 17 17 16 21 12 14 20 
Hf 15 32 21 15 22 21 20 21 30 13 19 29 
Ta 141 295 199 131 207 196 194 191 294 129 180 261 





EMP and associated LA-ICP-MS Ilmenite analyses from the Elektra kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.25 0.17 0.34 0.43 0.32 0.37 0.29 0.28 0.42 0.29 0.30 0.28 
SiO2 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.03 
TiO2 48.5 49.4 45.6 44.7 46.7 44.2 47.5 46.9 43.6 47.6 46.5 46.7 
ZrO2 0.06 0.05 0.10 0.13 0.10 0.08 0.10 0.07 0.11 0.08 0.09 0.11 
Al2O3 0.53 0.57 0.54 0.41 0.54 0.55 0.53 0.58 0.45 0.53 0.55 0.53 
V2O3 0.04 <0.03 0.42 <0.03 0.03 1.14 <0.03 <0.03 0.66 <0.03 0.37 <0.03 
Cr2O3 0.47 0.51 1.32 1.21 0.91 1.31 0.94 0.89 1.38 0.80 0.93 0.89 
MgO 10.1 10.1 8.23 7.74 8.82 8.02 9.22 9.05 7.60 9.44 9.19 8.97 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.25 0.25 0.27 0.25 0.26 0.22 0.27 0.27 0.25 0.26 0.22 
FeO 25.7 26.4 26.4 26.6 26.3 25.6 26.3 26.0 25.8 26.0 25.5 26.1 
*Fe2O3 14.0 12.9 16.9 19.1 15.7 18.9 15.3 16.3 19.9 15.3 16.6 16.0 
NiO 0.07 0.11 0.09 0.06 0.10 0.09 0.10 0.09 0.07 0.10 0.11 0.07 
             Ca 157 171 118 110 141 113 150 132 117 143 160 137 
Sc 27 27 37 43 36 43 36 34 40 32 32 36 
Ti 290901 296314 273366 267904 279840 265019 284511 280962 261404 285286 278852 279948 
V 1933 1993 2123 2160 1916 1884 1769 1938 2062 1861 1895 1788 
Cr 3364 3614 9023 8107 5784 7762 5593 5733 9184 5085 5790 5239 
Mn 2396 2455 2433 2396 2318 2193 2190 2369 2458 2353 2296 2232 
Co 212 218 178 171 178 151 163 177 172 181 171 160 
Ni 772 797 839 664 752 642 762 755 697 780 765 679 
Cu 31 31 15 15 19 12 18 19 12 21 20 16 
Zn 199 194 191 184 178 153 163 182 188 179 175 164 
Zr 435 413 762 1005 732 959 698 680 953 607 625 728 
Nb 1626 1619 2868 3542 2504 3044 2255 2453 3467 2120 2271 2415 
Mo 2 3 2 2 2 2 2 2 2 3 2 2 
Sn 14 14 20 21 17 17 14 16 21 15 15 15 
Hf 15 15 26 34 24 34 25 25 33 22 23 27 
Ta 153 147 265 327 236 303 224 226 337 204 215 243 





EMP and associated LA-ICP-MS Ilmenite analyses from the Elektra kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
             
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.41 0.39 0.23 0.38 0.30 0.17 0.35 0.16 0.47 0.50 0.10 0.31 
SiO2 <0.03 0.03 0.04 0.03 0.03 0.06 0.03 <0.03 0.03 <0.03 <0.03 0.03 
TiO2 44.1 45.1 49.2 44.3 47.3 50.9 44.8 50.4 51.9 46.1 52.7 51.0 
ZrO2 0.10 0.05 0.08 0.09 0.08 0.04 0.10 0.03 0.07 0.12 0.08 0.09 
Al2O3 0.48 0.49 0.56 0.52 0.54 0.67 0.56 0.64 0.62 0.64 0.58 0.69 
V2O3 0.51 <0.03 0.12 1.14 <0.03 0.16 0.87 <0.03 <0.03 <0.03 0.13 <0.03 
Cr2O3 1.19 1.52 0.56 1.32 0.93 0.77 1.32 0.74 2.50 1.33 1.60 1.41 
MgO 7.58 7.75 9.73 7.58 8.91 11.1 8.14 10.8 13.8 11.0 14.5 12.4 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.13 <0.03 0.08 0.03 
MnO 0.23 0.28 0.22 0.26 0.24 0.20 0.26 0.22 0.46 0.29 0.48 0.31 
FeO 26.3 26.9 26.9 26.5 26.8 25.9 25.9 26.0 21.9 22.0 21.1 23.7 
*Fe2O3 18.5 17.1 12.7 17.9 14.9 10.1 17.7 11.0 8.1 17.7 7.9 9.9 
NiO 0.09 0.10 0.10 0.09 0.09 0.12 0.09 0.10 0.08 0.14 0.09 0.12 
             Ca 104 113 157 107 147 196 124 192 136 65 168 343 
Sc 41 42 29 40 36 23 37 24 52 39 54 46 
Ti 264213 270469 294852 265772 283774 305120 268606 301920 311007 276257 316083 305435 
V 2196 1943 1951 2231 1946 2100 2283 1850 2066 1820 2262 2090 
Cr 8199 9923 3218 8648 5352 5554 9104 4929 8353 7177 9517 8024 
Mn 2387 2338 2258 2441 2144 2264 2478 2112 2113 1791 2335 2044 
Co 160 156 188 165 159 235 178 213 142 131 156 142 
Ni 679 712 695 695 691 1090 835 936 886 623 1203 965 
Cu 11 12 28 11 17 50 15 43 21 18 26 26 
Zn 176 166 160 181 158 182 187 169 106 120 108 96 
Zr 912 866 444 911 674 279 764 287 1105 1004 1140 1005 
Nb 3311 2976 1724 3260 2288 1050 2838 991 3113 2857 3342 3102 
Mo 2 2 2 2 3 2 2 2 2 2 2 2 
Sn 19 16 12 20 14 11 19 10 16 15 18 15 
Hf 33 30 16 31 24 10 26 10 40 37 41 38 
Ta 308 307 161 303 223 95 257 91 346 319 370 346 





EMP and associated LA-ICP-MS Ilmenite analyses from the Festivalnaya kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.10 0.23 0.24 0.27 0.28 0.24 0.41 0.20 0.33 0.18 0.14 0.37 
SiO2 0.03 0.10 0.04 <0.03 0.05 0.08 0.03 <0.03 0.03 0.04 0.03 <0.03 
TiO2 50.5 48.4 47.5 47.4 47.2 47.1 47.2 47.3 46.2 50.8 51.1 45.8 
ZrO2 0.03 0.06 0.08 0.05 0.05 0.07 0.06 0.07 0.06 0.03 0.04 0.10 
Al2O3 0.50 0.57 0.56 0.56 0.54 0.64 0.51 0.54 0.55 0.51 0.55 0.52 
V2O3 <0.03 <0.03 0.04 <0.03 0.12 0.03 <0.03 <0.03 0.03 0.08 <0.03 <0.03 
Cr2O3 0.37 0.59 0.91 1.15 1.00 1.30 0.75 0.71 1.33 0.57 0.68 3.21 
MgO 10.2 9.35 9.10 8.86 8.99 8.88 8.46 9.46 8.55 11.0 10.9 8.72 
CaO 0.03 <0.03 0.03 0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.27 0.23 0.24 0.25 0.25 0.24 0.27 0.24 0.23 0.26 0.27 0.23 
FeO 27.0 27.0 26.5 26.8 26.5 26.6 27.5 25.6 26.4 25.9 26.3 25.8 
*Fe2O3 10.7 13.7 14.6 14.6 15.2 14.8 15.0 14.6 16.1 10.9 10.0 15.1 
NiO 0.07 0.09 0.12 0.12 0.10 0.10 0.08 0.08 0.10 0.09 0.09 0.13 
             Ca - - 184 - - - - - - 568 - - 
Sc 17 25 29 31 29 27 35 25 34 32 27 38 
Ti 302749 290325 284894 284000 282993 282227 282992 283475 277016 304367 306572 274827 
V 1632 1847 1794 1753 1941 1864 2162 1958 1793 1622 1788 1932 
Cr 2424 3910 5985 7316 7025 9118 5259 5213 8633 3607 4227 21223 
Mn 2250 2243 2200 2207 2304 2246 2647 2293 2221 2863 2401 2479 
Co 213 197 183 178 192 193 192 213 170 185 202 174 
Ni 677 739 861 836 925 895 646 991 855 701 903 1294 
Cu 50 32 26 21 24 25 20 34 17 420 38 16 
Zn 225 212 209 194 220 215 218 223 172 200 188 195 
Zr 169 433 515 576 528 476 713 409 659 337 372 825 
Nb 635 1603 1814 2045 2010 1952 2880 1623 2303 1046 1305 2864 
Mo 1 3 3 3 3 3 2 3 3 3 2 2 
Sn 8 13 14 15 17 15 21 15 16 13 11 19 
Hf 5 16 19 22 20 18 25 15 25 12 14 30 
Ta 68 150 177 214 190 189 290 151 236 122 141 312 





EMP and associated LA-ICP-MS Ilmenite analyses from the Festivalnaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.08 0.31 0.20 0.25 0.26 0.40 0.27 0.21 0.27 0.21 0.20 0.29 
SiO2 0.07 <0.03 0.16 0.20 <0.03 0.04 0.03 0.05 0.03 0.04 <0.03 0.09 
TiO2 51.0 46.9 49.5 46.7 47.4 46.2 47.4 49.9 47.1 48.5 50.7 46.6 
ZrO2 0.03 0.06 0.04 0.06 0.05 0.05 0.07 0.06 0.08 0.03 0.04 0.05 
Al2O3 0.49 0.56 0.61 0.67 0.55 0.53 0.56 0.54 0.52 0.57 0.55 0.57 
V2O3 <0.03 0.05 <0.03 <0.03 0.14 <0.03 <0.03 0.83 <0.03 0.61 <0.03 1.10 
Cr2O3 0.42 0.99 0.38 1.34 1.03 2.58 0.91 0.63 0.99 0.41 0.55 1.00 
MgO 10.4 8.65 9.76 8.47 8.76 8.68 8.94 10.8 8.97 9.74 10.6 8.69 
CaO <0.03 <0.03 <0.03 <0.03 0.04 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.25 0.23 0.23 0.25 0.23 0.27 0.23 0.26 0.22 0.23 0.25 0.24 
FeO 27.1 26.9 27.3 27.0 27.0 26.2 26.7 25.6 26.4 26.3 26.7 26.5 
*Fe2O3 10.3 14.9 11.9 15.0 14.7 14.6 14.9 11.4 15.2 13.0 10.7 15.1 
NiO 0.08 0.05 0.09 0.10 0.11 0.13 0.08 0.12 0.10 0.05 0.08 0.10 
             Ca 111 - - - 123 - - 115 - 121 126 - 
Sc 18 32 24 33 30 34 30 25 31 26 27 32 
Ti 305587 281231 296879 279639 284055 276762 283848 299005 282035 290884 304105 279434 
V 1627 1982 1923 1967 2000 1921 1968 1918 2101 1522 1828 1704 
Cr 2496 6996 2602 8901 7166 18220 6316 4237 6729 2014 3498 5805 
Mn 2237 2583 2502 2487 2508 2712 2514 2794 2468 2056 2672 2222 
Co 209 200 234 188 200 196 202 229 206 172 213 164 
Ni 697 922 759 1014 948 1335 900 994 948 527 853 742 
Cu 50 21 37 19 21 16 23 35 21 26 31 18 
Zn 195 225 230 216 232 231 231 227 224 161 217 179 
Zr 194 569 347 620 540 680 538 351 556 377 394 572 
Nb 606 2255 1374 2464 2172 2923 2154 1512 2291 1327 1661 2073 
Mo 1 3 3 3 3 3 3 2 3 2 2 2 
Sn 7 17 13 17 18 20 18 14 18 10 13 14 
Hf 8 20 12 22 20 25 20 14 20 16 17 23 
Ta 72 206 126 226 199 275 199 148 209 140 174 210 





EMP and associated LA-ICP-MS Ilmenite analyses from the Festivalnaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                        
  25 26 27 28 29 30 31 32 33 34 35 
Nb2O5 0.18 0.40 0.22 0.24 0.18 0.27 0.38 0.14 0.39 0.40 0.44 
SiO2 <0.03 <0.03 <0.03 <0.03 0.24 0.03 <0.03 <0.03 0.03 <0.03 0.03 
TiO2 49.1 46.4 47.6 49.7 50.8 46.4 47.6 50.5 44.7 45.2 45.5 
ZrO2 <0.03 0.07 0.07 0.05 0.04 0.08 0.07 0.03 0.10 0.10 0.12 
Al2O3 0.56 0.57 0.52 0.55 0.64 0.55 0.51 0.53 0.51 0.45 0.41 
V2O3 0.21 0.44 <0.03 <0.03 <0.03 0.51 <0.03 <0.03 <0.03 0.40 0.04 
Cr2O3 0.41 2.61 1.02 0.60 0.71 1.24 0.77 0.60 3.90 3.79 0.61 
MgO 9.82 8.66 8.90 10.2 11.0 8.43 8.64 10.7 8.28 9.08 7.85 
CaO <0.03 <0.03 <0.03 <0.03 0.05 <0.03 <0.03 <0.03 <0.03 <0.03 0.00 
MnO 0.24 0.26 0.26 0.24 0.27 0.26 0.27 0.27 0.27 0.25 0.26 
FeO 26.6 26.4 26.9 26.4 26.2 26.7 27.5 26.2 25.6 24.5 27.2 
*Fe2O3 12.3 14.7 15.0 12.2 10.0 15.6 14.6 11.0 15.6 15.9 17.3 
NiO 0.09 0.13 0.10 0.07 0.11 0.12 0.07 0.10 0.15 0.15 0.05 
            Ca 107 133 150 176 188 131 129 175 53 58 63 
Sc 24 44 37 31 29 33 37 28 36 38 36 
Ti 294572 278328 285231 297859 304436 278318 285160 302912 268204 270763 272513 
V 1786 1711 1814 1890 1813 1859 2189 1614 1682 1628 1906 
Cr 2572 15273 6303 3655 4357 7990 5062 3316 22172 21149 3636 
Mn 2307 2179 2156 2346 2274 2222 2595 2137 1775 1652 2001 
Co 208 145 163 188 205 179 181 167 127 133 132 
Ni 714 958 743 689 928 834 650 733 1083 1058 470 
Cu 34 11 19 26 35 17 17 25 15 17 15 
Zn 207 150 169 167 168 181 190 140 137 107 156 
Zr 349 849 669 451 371 563 659 388 880 929 929 
Nb 1331 2920 2201 1771 1376 2151 2787 1390 2717 2701 2951 
Mo 3 2 2 2 2 2 2 2 1 1 1 
Sn 12 15 14 12 11 15 18 10 14 13 15 
Hf 14 30 26 16 14 20 24 15 32 34 33 
Ta 131 316 226 181 146 211 265 143 312 321 327 





EMP and associated LA-ICP-MS Ilmenite analyses from the Irelyakhskaya kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.37 0.32 0.35 0.33 0.10 0.37 0.26 0.29 0.36 0.30 0.35 0.48 
SiO2 <0.03 <0.03 0.04 <0.03 0.03 0.04 0.03 <0.03 0.04 <0.03 <0.03 <0.03 
TiO2 48.3 48.9 47.2 49.0 52.1 49.6 50.3 50.1 49.0 48.7 50.0 47.7 
ZrO2 0.04 0.05 0.07 0.07 0.03 0.07 0.07 0.06 0.06 0.07 0.07 0.07 
Al2O3 0.47 0.49 0.51 0.52 0.51 0.57 0.32 0.53 0.51 0.51 0.39 0.45 
V2O3 0.03 0.12 <0.03 <0.03 <0.03 0.07 0.06 <0.03 0.06 0.10 0.14 0.08 
Cr2O3 0.77 0.91 2.82 1.07 0.39 0.81 0.96 0.80 0.88 1.02 0.83 0.80 
MgO 9.95 9.62 9.22 9.93 10.8 9.69 10.5 10.6 9.77 10.1 9.90 8.90 
CaO 0.03 <0.03 <0.03 0.04 0.03 <0.03 <0.03 0.04 <0.03 <0.03 <0.03 <0.03 
MnO 0.30 0.29 0.26 0.28 0.25 0.31 0.30 0.27 0.29 0.33 0.27 0.29 
FeO 25.7 26.8 26.0 26.3 27.4 27.4 26.3 26.2 26.7 25.8 27.4 27.3 
*Fe2O3 13.1 12.5 13.7 12.3 8.6 11.1 11.1 11.4 12.4 12.7 11.4 14.3 
NiO 0.07 0.11 0.15 0.11 0.08 0.09 0.12 0.09 0.08 0.10 0.09 0.06 
             Ca 514 - 89 103 134 114 131 126 126 105 119 97 
Sc 49 32 36 35 20 39 33 32 35 36 35 41 
Ti 289233 293181 282772 293483 312449 289202 301258 300266 293681 292037 299704 285826 
V 2338 1930 1710 1794 1451 1667 1768 1841 1839 1795 1774 1914 
Cr 6268 5847 17313 6480 2271 4175 5945 4949 5329 5765 4870 4463 
Mn 4815 2610 2389 2513 2184 2414 2605 2459 2795 2513 2612 2523 
Co 228 186 164 171 199 144 183 181 171 158 168 154 
Ni 868 658 1106 917 682 514 882 815 655 693 696 468 
Cu 35 21 14 18 40 15 23 26 20 12 16 13 
Zn 166 185 170 150 174 126 159 159 165 149 162 161 
Zr 657 509 674 555 199 523 426 461 559 576 539 743 
Nb 3545 2573 2591 2358 628 2527 2083 1906 2525 2236 2315 3052 
Mo 3 2 1 2 1 1 2 2 2 2 2 2 
Sn 17 15 15 13 7 11 13 13 14 13 13 17 
Hf 24 18 24 23 8 21 17 19 19 20 20 26 
Ta 475 267 268 246 67 274 222 201 264 243 256 325 





EMP and associated LA-ICP-MS Ilmenite analyses from the Irelyakhskaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.31 0.32 0.40 0.41 0.22 0.31 0.16 0.33 0.35 0.10 0.39 0.32 
SiO2 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 0.04 <0.03 <0.03 0.06 <0.03 0.05 
TiO2 48.6 48.3 48.9 47.1 49.1 49.3 51.1 49.5 47.5 51.6 48.6 48.8 
ZrO2 0.05 0.05 0.07 0.08 0.07 0.05 <0.03 0.04 0.07 <0.03 0.07 0.03 
Al2O3 0.51 0.49 0.58 0.39 0.52 0.50 0.50 0.48 0.53 0.60 0.45 1.69 
V2O3 0.04 <0.03 <0.03 0.97 0.63 0.68 1.46 0.22 0.86 <0.03 0.45 0.38 
Cr2O3 0.76 0.87 0.79 0.77 0.99 1.01 0.68 0.78 0.93 2.26 0.89 0.92 
MgO 10.0 9.69 11.0 8.53 10.3 10.3 11.7 9.59 9.41 12.3 9.60 10.6 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.19 
MnO 0.28 0.26 0.29 0.27 0.29 0.28 0.28 0.29 0.28 0.22 0.31 0.24 
FeO 25.9 26.2 24.4 27.3 25.7 25.9 24.8 27.4 26.0 24.3 26.7 24.8 
*Fe2O3 12.7 13.0 13.1 14.8 12.0 11.6 9.7 11.5 13.7 8.2 12.4 11.2 
NiO 0.08 0.09 0.12 0.06 0.09 0.09 0.10 0.07 0.08 0.18 0.10 0.09 
             Ca 143 - - - - - - - - 167 - - 
Sc 34 35 41 38 33 29 28 34 33 20 33 34 
Ti 291138 289298 292886 282173 294596 295603 306016 296689 284834 309380 291422 292722 
V 1725 1933 2004 1833 1766 1890 1646 2016 2036 2182 1957 1788 
Cr 4429 5552 4595 4265 5718 6747 3920 5177 5762 16053 6014 5339 
Mn 2593 2876 2845 2574 2508 2799 2509 3051 2780 2375 2939 2644 
Co 165 194 201 155 164 192 186 200 186 257 207 174 
Ni 679 833 891 513 829 947 801 708 755 2033 859 732 
Cu 19 23 17 12 22 25 34 23 21 71 25 22 
Zn 163 194 133 171 164 195 140 196 194 174 213 155 
Zr 471 522 667 776 469 418 319 540 543 186 483 491 
Nb 2208 2383 2782 3204 1955 1968 1358 2914 2469 670 2657 2283 
Mo 1 2 2 2 2 2 1 2 2 2 2 1 
Sn 13 17 17 16 13 14 10 18 17 10 17 13 
Hf 17 20 24 30 18 15 13 21 20 7 18 19 
Ta 239 245 285 334 209 201 150 305 259 67 259 262 





EMP and associated LA-ICP-MS Ilmenite analyses from the Irelyakhskaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                      
  25 26 27 28 29 30 31 32 33 34 
Nb2O5 0.30 0.31 0.28 0.36 0.29 0.32 0.07 0.28 0.15 <0.03 
SiO2 0.03 <0.03 0.05 <0.03 <0.03 <0.03 0.06 0.03 0.07 <0.03 
TiO2 48.7 47.9 48.9 47.8 49.5 48.5 53.1 49.6 50.5 50.4 
ZrO2 0.06 0.04 0.05 0.07 0.07 0.07 <0.03 0.04 <0.03 0.08 
Al2O3 0.53 0.49 0.68 0.58 0.57 0.54 0.47 0.52 0.46 0.14 
V2O3 <0.03 0.36 1.23 1.30 0.43 0.67 0.31 0.54 <0.03 0.40 
Cr2O3 0.89 1.48 0.93 0.83 0.89 0.93 1.74 1.17 0.49 0.03 
MgO 9.58 9.16 10.4 9.29 10.1 10.2 13.0 10.8 9.84 2.06 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 
MnO 0.26 0.25 0.29 0.26 0.26 0.28 0.24 0.29 0.24 0.50 
FeO 26.8 26.8 25.4 26.6 26.5 25.4 24.2 25.3 27.8 41.2 
*Fe2O3 12.4 13.4 12.2 13.2 11.7 13.0 6.5 11.4 10.4 5.5 
NiO 0.09 0.12 0.10 0.06 0.09 0.08 0.19 0.11 0.07 <0.03 
           Ca 102 142 154 201 165 4506 240 148 193 29 
Sc 34 36 35 38 37 41 28 33 23 88 
Ti 292210 287347 293087 286729 296607 290429 318043 297070 302661 302038 
V 1734 1731 1902 2219 1738 1857 1735 1945 1556 1761 
Cr 5234 8616 5681 5675 5500 5357 10914 7312 3114 7 
Mn 2400 2211 2694 2625 2513 2373 2272 2614 2380 3399 
Co 173 169 189 196 174 159 198 184 200 94 
Ni 747 879 846 693 855 696 1492 1132 549 179 
Cu 19 17 21 21 21 24 31 24 41 8 
Zn 166 149 160 153 152 123 114 152 181 251 
Zr 583 549 470 602 553 622 244 425 241 813 
Nb 2268 2221 2089 2769 2370 2460 867 1971 1139 60 
Mo 2 2 2 2 2 1 1 2 1 1 
Sn 14 14 14 17 14 14 9 14 9 1 
Hf 22 22 18 22 23 23 10 16 9 17 
Ta 243 221 222 288 255 281 103 212 115 4 





EMP and associated LA-ICP-MS Ilmenite analyses from the Jila-70 kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.42 0.18 0.32 0.17 0.13 0.27 0.34 0.22 0.21 0.44 0.20 0.26 
SiO2 <0.03 0.05 0.03 0.05 0.04 0.03 <0.03 0.03 0.03 <0.03 0.08 <0.03 
TiO2 47.1 50.9 47.6 51.6 52.4 50.4 48.1 49.4 53.0 48.0 52.7 48.8 
ZrO2 0.09 0.04 0.06 0.03 0.03 0.04 0.07 0.04 <0.03 0.08 <0.03 0.07 
Al2O3 0.48 0.54 0.50 0.53 0.64 0.57 0.54 0.55 0.87 0.51 0.68 0.52 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.80 0.27 0.82 0.50 0.97 0.75 1.05 0.89 0.50 0.70 0.91 0.91 
MgO 8.91 11.4 9.41 11.7 13.7 12.1 9.59 10.5 15.0 9.66 14.6 9.92 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.14 0.07 0.10 <0.03 <0.03 
MnO 0.30 0.25 0.25 0.26 0.29 0.27 0.27 0.25 0.37 0.29 0.34 0.29 
FeO 26.6 25.4 26.1 25.5 22.5 23.8 26.3 25.5 20.5 26.0 21.1 26.1 
*Fe2O3 14.3 9.8 13.7 9.1 8.4 11.0 12.7 12.0 9.2 13.4 9.1 12.4 
NiO 0.06 0.09 0.08 0.10 0.17 0.13 0.07 0.09 0.13 0.07 0.15 0.10 
             Ca 84 139 87 124 171 135 92 106 434 99 295 99 
Sc 37 26 33 25 24 29 32 29 70 35 37 32 
Ti 282356 305222 285045 309330 314361 302342 288485 296234 317617 287473 316139 292239 
V 1874 1715 1848 1739 1777 1790 1840 1811 1852 1825 1797 1870 
Cr 4385 3089 4846 3145 6046 5167 5455 4515 3915 5296 4106 6055 
Mn 2146 1920 2052 1901 2186 2054 2050 2004 2849 2093 2683 2051 
Co 141 157 143 170 151 151 148 153 135 140 138 147 
Ni 505 753 619 777 1174 928 659 776 962 569 1095 749 
Cu 17 33 20 32 35 28 21 26 21 20 28 23 
Zn 141 129 128 121 98 111 136 143 102 122 98 153 
Zr 747 359 604 347 257 433 577 463 436 676 364 539 
Nb 2631 1308 2288 1293 880 1595 2261 1721 1369 2557 1233 2038 
Mo 1 1 1 1 1 2 1 1 2 1 1 1 
Sn 13 8 12 8 7 10 11 11 9 12 8 11 
Hf 29 14 23 14 10 17 22 18 16 26 14 21 
Ta 318 155 259 152 105 184 261 198 162 308 155 235 





EMP and associated LA-ICP-MS Ilmenite analyses from the Jila-70 kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.48 0.42 0.28 0.14 0.29 0.14 0.21 0.25 0.14 <0.03 <0.03 <0.03 
SiO2 0.03 0.03 0.03 0.03 0.04 0.05 0.04 0.06 0.03 0.10 <0.03 0.05 
TiO2 47.6 47.5 49.5 52.2 49.9 52.0 51.7 50.5 51.8 52.1 52.4 51.8 
ZrO2 0.08 0.09 0.04 0.04 0.05 0.05 0.06 0.06 <0.03 0.03 0.03 0.03 
Al2O3 0.41 0.54 0.52 0.75 0.53 0.54 0.54 0.56 0.59 0.59 0.52 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.80 0.70 0.84 3.65 0.82 0.83 0.78 0.77 1.43 0.61 0.68 0.66 
MgO 9.26 8.96 10.5 13.4 11.2 12.1 12.2 11.5 12.8 12.8 12.2 11.9 
CaO 0.06 <0.03 0.15 0.04 0.13 0.04 0.05 0.07 0.19 0.19 0.18 <0.03 
MnO 0.30 0.29 0.26 0.22 0.31 0.25 0.25 0.28 0.23 0.30 0.26 0.25 
FeO 26.5 26.9 25.6 22.7 24.8 25.0 24.7 24.9 23.4 23.6 24.8 25.1 
*Fe2O3 13.9 14.0 11.8 6.9 11.7 8.6 9.0 10.4 8.8 9.5 8.8 9.3 
NiO 0.06 0.09 0.12 0.21 0.11 0.11 0.12 0.11 0.15 0.13 0.09 0.13 
             Ca 95 91 105 174 194 140 140 117 134 196 136 131 
Sc 36 37 30 21 34 24 24 29 20 25 23 23 
Ti 285531 284955 296662 312669 299117 311972 310152 302971 310659 312189 314037 310223 
V 1944 1966 1821 1694 1834 1711 1637 1801 1650 1694 1680 1669 
Cr 4969 4814 5351 23630 4992 4347 4376 5594 7898 4175 4682 4220 
Mn 2227 2103 1970 1615 2322 1970 1946 1997 1759 2131 1905 1884 
Co 145 142 153 194 142 164 160 156 166 155 164 160 
Ni 565 563 815 1619 801 884 866 887 1174 849 927 865 
Cu 21 18 25 23 26 38 35 29 38 32 38 35 
Zn 144 141 143 105 108 142 132 127 123 119 140 134 
Zr 659 698 474 214 484 277 317 429 250 315 293 296 
Nb 2943 2583 1746 714 1823 1203 1247 1592 812 1178 1055 1073 
Mo 1 1 2 1 1 1 1 1 1 1 1 1 
Sn 13 13 10 5 10 8 8 10 6 8 7 7 
Hf 25 27 18 8 19 11 13 17 10 12 12 12 
Ta 331 292 201 90 209 142 148 185 98 146 129 131 





EMP and associated LA-ICP-MS Ilmenite analyses from the Jila-70 kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
          
  25 26 27 28 
Nb2O5 <0.03 <0.03 <0.03 0.74 
SiO2 0.06 0.10 0.03 <0.03 
TiO2 53.2 53.5 47.7 49.5 
ZrO2 <0.03 0.03 0.10 0.06 
Al2O3 0.59 0.62 0.51 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.25 0.77 0.75 0.86 
MgO 13.6 13.2 9.24 10.1 
CaO 0.27 0.06 0.14 0.14 
MnO 0.23 0.25 0.29 0.27 
FeO 22.9 24.3 26.0 26.8 
*Fe2O3 8.0 7.3 14.8 11.2 
NiO 0.18 0.13 0.10 0.09 
     Ca 176 141 246 99 
Sc 19 20 23 32 
Ti 318598 320438 286142 296556 
V 1766 1648 1553 1911 
Cr 8906 5655 3971 5701 
Mn 1756 1809 1799 2108 
Co 174 171 143 147 
Ni 1317 1133 780 692 
Cu 46 45 30 21 
Zn 123 755 113 138 
Zr 199 234 285 587 
Nb 817 819 1006 2177 
Mo 1 1 1 1 
Sn 6 7 7 12 
Hf 8 10 11 22 
Ta 100 103 124 254 





EMP and associated LA-ICP-MS Ilmenite analyses from the Molodost kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.19 <0.03 0.21 0.29 0.19 0.03 0.19 0.17 0.70 0.05 0.22 0.03 
SiO2 0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.04 <0.03 <0.03 <0.03 0.04 <0.03 
TiO2 52.1 50.0 51.0 51.6 48.4 54.0 51.8 49.4 45.6 49.0 51.3 47.6 
ZrO2 0.03 <0.03 0.03 0.05 <0.03 <0.03 0.03 0.05 0.13 <0.03 0.03 <0.03 
Al2O3 0.43 0.05 0.50 0.53 0.48 0.08 0.56 0.49 0.07 0.06 0.50 0.04 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.76 0.05 1.38 2.60 2.02 0.07 0.97 1.50 3.38 0.05 0.72 0.10 
MgO 12.0 1.02 11.1 12.1 9.57 6.84 12.3 11.0 8.02 1.19 11.6 1.55 
CaO 0.03 <0.03 0.06 0.04 0.04 0.21 <0.03 0.06 <0.03 0.09 <0.03 0.05 
MnO 0.26 0.30 0.29 0.27 0.26 0.82 0.23 0.31 0.35 0.46 0.24 0.18 
FeO 25.3 42.8 25.8 24.7 26.3 35.4 24.6 24.5 27.1 41.4 25.4 39.8 
*Fe2O3 9.6 5.3 9.8 8.0 12.5 2.5 8.7 12.0 14.5 7.8 9.8 9.9 
NiO 0.11 <0.03 0.12 0.15 0.11 <0.03 0.12 0.11 0.10 <0.03 0.11 <0.03 
             Ca 150 8 103 177 66 1307 165 103 37 96 136 88 
Sc 26 26 28 30 22 29 26 23 63 68 25 29 
Ti 312169 299786 305779 309345 290396 323925 310746 296050 273514 293596 307759 285359 
V 1886 1463 1588 1644 1592 2039 1861 1533 1875 2082 1833 2036 
Cr 4342 37 8178 15834 12435 443 5311 9533 20911 84 4589 383 
Mn 1885 2255 2040 2088 1918 6110 1833 2195 2657 3492 1819 1529 
Co 170 131 161 158 153 61 161 148 142 91 165 93 
Ni 993 126 928 1224 922 126 940 896 795 106 878 116 
Cu 34 8 30 27 26 25 35 27 10 12 38 8 
Zn 107 121 126 117 148 247 96 117 121 137 112 380 
Zr 300 14 412 453 346 7 275 344 1090 1 282 1 
Nb 1388 127 1304 1757 1298 179 1130 1249 4986 280 1263 162 
Mo 2 4 1 1 1 - 1 1 - 4 2 9 
Sn 7 3 7 9 7 5 6 7 14 32 7 9 
Hf 11 1 14 18 13 1 11 13 39 - 11 - 
Ta 142 7 137 150 148 6 126 132 605 17 132 9 





EMP and associated LA-ICP-MS Ilmenite analyses from the Molodost kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                        
  13 14 15 16 17 18 19 20 21 22 23 
Nb2O5 0.22 0.10 0.71 0.86 0.35 0.39 0.84 0.67 0.22 0.46 0.22 
SiO2 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.08 <0.03 <0.03 
TiO2 49.2 52.0 47.0 45.4 46.4 48.1 43.9 45.7 52.0 50.0 49.8 
ZrO2 0.04 <0.03 0.10 0.11 0.06 0.08 0.13 0.10 0.04 0.04 0.05 
Al2O3 0.46 0.00 0.09 0.07 0.20 0.18 0.08 0.10 0.55 1.04 0.50 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.04 <0.03 <0.03 <0.03 
Cr2O3 1.63 0.21 4.45 2.82 7.00 5.80 2.86 4.01 1.21 6.33 2.52 
MgO 9.95 1.22 9.42 8.37 10.3 10.2 7.56 8.40 11.7 13.1 10.6 
CaO 0.10 0.15 0.10 0.09 0.08 0.11 <0.03 0.11 <0.03 0.11 <0.03 
MnO 0.30 0.44 0.36 0.38 0.28 0.32 0.33 0.34 0.24 0.23 0.27 
FeO 26.2 44.0 25.7 26.4 23.3 24.9 26.6 26.3 25.8 21.6 25.8 
*Fe2O3 11.7 1.2 12.4 15.3 11.8 10.2 16.6 13.8 8.2 7.1 10.2 
NiO 0.13 <0.03 0.15 0.08 0.18 0.20 0.08 0.10 0.14 0.25 0.12 
            Ca 80 147 43 70 44 53 32 88 135 110 96 
Sc 22 40 61 73 46 44 66 57 22 44 23 
Ti 294887 311535 281792 272319 278047 288305 262991 273692 311424 299587 298801 
V 1553 1974 1816 1843 1938 1616 2077 1997 1822 1807 1600 
Cr 9585 751 26669 16426 42050 36095 17173 25013 6833 37884 15180 
Mn 1968 3413 2640 2779 2216 2209 2523 2553 1771 1629 2018 
Co 149 39 148 136 154 156 136 141 169 168 155 
Ni 880 87 940 643 1439 1374 726 870 1019 1667 1066 
Cu 24 7 11 12 13 18 11 15 42 31 25 
Zn 140 359 110 105 109 125 114 109 115 90 142 
Zr 343 6 986 1221 699 629 1214 945 245 720 394 
Nb 1303 649 4585 5683 2506 2592 5080 4675 1015 2754 1615 
Mo 1 1 - - - - - - 1 - 1 
Sn 7 3 13 13 12 10 15 14 6 10 8 
Hf 13 1 37 40 25 22 38 35 10 26 15 
Ta 158 43 564 709 305 330 511 527 111 352 172 





EMP and associated LA-ICP-MS Ilmenite analyses from the Osennaya kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.24 0.30 0.39 0.42 0.36 0.39 0.53 0.52 0.34 0.45 0.30 0.44 
SiO2 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 0.03 0.11 <0.03 
TiO2 47.4 47.0 46.3 46.1 45.7 45.4 41.8 42.7 43.7 46.0 48.9 46.5 
ZrO2 0.08 0.08 0.05 0.07 0.09 0.09 0.14 0.12 0.08 0.09 0.06 0.08 
Al2O3 0.55 0.53 0.57 0.48 0.54 0.54 0.35 0.32 0.61 0.46 0.59 0.44 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.07 0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.83 1.15 3.13 2.20 5.02 2.18 1.53 1.65 3.19 2.12 1.69 1.99 
MgO 8.82 8.72 9.21 8.62 9.31 8.46 6.70 6.73 7.87 8.76 10.7 8.92 
CaO 0.05 0.12 <0.03 <0.03 0.38 0.10 <0.03 <0.03 0.10 0.56 0.09 0.21 
MnO 0.26 0.23 0.26 0.28 0.25 0.25 0.23 0.23 0.23 0.28 0.22 0.29 
FeO 26.8 26.6 25.2 26.2 24.1 25.8 26.0 26.8 25.3 25.2 25.0 25.8 
*Fe2O3 14.4 15.2 14.1 15.2 14.1 16.4 21.9 20.3 18.0 15.7 11.7 14.3 
NiO 0.09 0.10 0.16 0.12 0.18 0.12 0.06 0.05 0.12 0.12 0.14 0.11 
             Ca 129 77 68 65 58 66 58 59 193 64 83 70 
Sc 31 30 32 35 38 37 34 43 35 35 27 33 
Ti 284039 281618 277308 276575 274013 272271 250705 256214 262038 275780 293294 278772 
V 1726 1721 1688 1765 1636 1709 1621 1911 1548 1742 1608 1797 
Cr 5232 5798 17717 13463 29577 10833 12225 10229 17232 12788 10371 12920 
Mn 1749 1730 1866 1913 1801 1759 1653 1781 1667 1879 1679 2019 
Co 140 140 136 133 134 127 117 123 116 129 145 132 
Ni 709 714 1082 840 1235 807 720 569 807 839 1100 861 
Cu 23 21 17 15 14 14 13 12 20 15 24 17 
Zn 131 131 131 145 116 127 114 144 77 123 116 129 
Zr 610 647 709 792 804 861 797 1202 560 835 541 778 
Nb 1926 1938 2425 2718 2484 2426 2426 3551 1711 2790 1968 2830 
Mo 2 2 1 1 1 2 1 2 1 1 2 1 
Sn 11 12 12 13 12 13 12 18 8 13 10 13 
Hf 23 24 26 30 29 32 29 42 21 31 21 28 
Ta 204 208 273 300 297 275 275 388 232 307 216 308 





EMP and associated LA-ICP-MS Ilmenite analyses from the Osennaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.31 0.37 0.35 0.37 0.35 0.30 0.06 0.11 0.31 0.30 0.34 0.51 
SiO2 <0.03 <0.03 0.03 0.03 <0.03 0.03 0.05 <0.03 0.03 0.03 <0.03 <0.03 
TiO2 47.1 44.8 45.3 45.9 47.8 48.3 52.2 49.2 48.3 47.7 45.8 42.7 
ZrO2 0.07 0.10 0.08 0.08 0.07 0.06 0.03 0.05 0.05 0.07 0.09 0.13 
Al2O3 0.51 0.55 0.55 0.56 0.56 0.49 0.49 0.64 0.54 0.50 0.53 0.30 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 
Cr2O3 1.25 1.46 1.57 1.33 2.42 1.23 1.04 1.53 1.50 1.35 1.23 2.94 
MgO 9.26 7.95 8.14 7.99 10.7 9.19 12.1 10.7 9.34 9.22 8.41 6.99 
CaO 0.09 0.32 0.10 0.04 0.20 0.19 0.28 0.18 0.30 <0.03 0.23 0.38 
MnO 0.25 0.24 0.24 0.24 0.23 0.25 0.26 0.21 0.25 0.26 0.24 0.26 
FeO 25.8 25.8 26.3 27.1 23.7 26.8 24.8 24.8 26.4 26.5 26.0 25.8 
*Fe2O3 14.5 17.5 16.2 15.7 13.3 12.9 8.0 11.6 12.9 13.4 16.6 19.7 
NiO 0.12 0.09 0.11 0.08 0.15 0.10 0.15 0.14 0.11 0.11 0.08 0.06 
             Ca 157 82 64 65 171 86 351 123 92 86 64 44 
Sc 28 35 34 32 36 32 28 20 31 29 33 39 
Ti 282103 268242 271823 274879 286280 289287 313097 295175 289417 285635 274637 256088 
V 1736 1791 1653 1845 1744 1689 1933 1652 1653 1655 1797 1929 
Cr 6748 7832 9088 8107 14071 6726 7261 9555 7184 6822 7946 17612 
Mn 1819 1765 1799 1867 1999 1835 1851 1480 1844 1852 1692 1784 
Co 137 128 130 138 131 136 162 158 138 137 134 122 
Ni 780 666 726 762 966 709 1001 1036 747 744 752 609 
Cu 20 16 15 17 22 18 30 34 19 19 22 11 
Zn 134 134 133 169 94 141 136 133 120 141 128 136 
Zr 594 855 788 807 600 653 259 306 649 610 791 1055 
Nb 2083 2609 2442 2511 2305 2079 596 691 2077 2071 2477 3477 
Mo 2 2 2 2 1 2 2 1 2 2 2 1 
Sn 11 14 12 15 12 11 7 6 10 10 13 16 
Hf 22 31 28 30 24 25 10 11 25 23 29 38 
Ta 217 277 272 270 265 240 68 70 238 232 262 382 





EMP and associated LA-ICP-MS Ilmenite analyses from the Popugaevoi kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.33 0.43 0.26 0.15 0.18 0.40 0.17 0.39 0.18 0.41 0.25 0.48 
SiO2 <0.03 0.03 0.03 0.11 0.03 <0.03 <0.03 0.08 0.15 <0.03 <0.03 0.05 
TiO2 46.7 44.5 46.7 51.0 49.7 45.2 49.7 44.9 50.6 45.5 48.7 44.2 
ZrO2 0.08 0.08 0.07 0.06 0.07 0.10 0.00 0.13 0.06 0.08 0.05 0.07 
Al2O3 0.54 0.55 0.52 0.59 0.53 0.51 0.54 0.58 0.64 0.57 0.56 0.46 
V2O3 0.34 0.09 0.27 0.12 0.23 <0.03 0.11 0.38 <0.03 0.59 0.08 0.18 
Cr2O3 0.90 1.30 1.23 0.64 0.53 1.25 0.47 1.28 0.50 1.34 0.60 1.36 
MgO 8.51 7.85 8.59 10.8 10.3 7.79 9.91 7.96 10.5 8.05 9.41 7.56 
CaO 0.00 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 <0.03 
MnO 0.24 0.26 0.24 0.24 0.23 0.24 0.23 0.27 0.25 0.24 0.25 0.26 
FeO 26.9 26.2 26.7 26.6 26.3 26.9 26.9 26.4 26.8 26.7 27.0 26.6 
*Fe2O3 15.1 18.1 15.1 9.7 12.1 17.4 11.9 17.6 10.3 16.7 13.4 18.6 
NiO 0.08 0.09 0.10 0.09 0.09 0.08 0.08 0.08 0.08 0.08 0.06 0.07 
             Ca 133 97 117 172 163 115 157 105 169 103 250 - 
Sc 35 40 33 23 30 42 27 34 24 35 29 44 
Ti 280114 266573 280063 305899 297631 270692 297628 269188 303136 272462 291862 265057 
V 1491 1818 1794 1971 1616 1883 1916 2191 2112 2372 1929 1528 
Cr 4923 7912 7652 4328 3075 8098 2994 8829 3878 10403 3808 6859 
Mn 1847 2319 2363 2399 2036 2355 2396 2528 2643 2891 2427 2130 
Co 152 153 172 230 169 160 205 186 245 215 198 132 
Ni 615 711 758 1037 669 706 763 854 969 1018 790 507 
Cu 17 15 21 48 30 16 36 18 42 20 28 9 
Zn 156 165 190 204 153 173 193 211 227 237 190 146 
Zr 685 881 572 294 472 880 410 742 347 766 504 948 
Nb 2258 3042 2309 1172 1600 3032 1535 2881 1411 3139 1906 3166 
Mo 2 2 2 2 2 2 2 3 3 3 3 2 
Sn 14 18 15 12 11 18 13 22 14 24 15 16 
Hf 26 33 22 12 18 35 16 27 14 28 19 35 
Ta 265 301 232 117 179 316 152 288 140 295 189 329 





EMP and associated LA-ICP-MS Ilmenite analyses from the Popugaevoi kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.32 0.36 0.17 0.42 0.25 0.30 0.45 0.23 0.40 0.27 0.24 0.31 
SiO2 0.04 0.03 0.06 <0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 0.07 0.03 
TiO2 47.5 44.8 50.7 44.9 48.0 46.4 44.7 49.7 45.7 46.9 49.5 46.3 
ZrO2 0.06 0.11 0.03 0.07 0.08 0.08 0.11 0.05 0.11 0.07 0.06 0.09 
Al2O3 0.55 0.56 0.56 0.51 0.49 0.54 0.46 0.55 0.56 0.54 0.57 0.53 
V2O3 <0.03 0.24 <0.03 0.63 0.13 0.34 0.12 0.03 <0.03 0.04 <0.03 <0.03 
Cr2O3 0.88 1.32 0.62 1.44 0.87 0.86 1.26 0.59 1.30 0.95 0.57 2.15 
MgO 8.85 7.96 10.7 7.62 8.96 8.63 7.48 10.2 7.96 8.66 9.81 8.56 
CaO <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 <0.03 
MnO 0.25 0.25 0.23 0.24 0.24 0.29 0.23 0.22 0.22 0.23 0.26 0.28 
FeO 27.0 26.2 26.5 27.0 27.1 26.4 27.1 26.4 27.1 26.8 27.0 26.4 
*Fe2O3 14.6 18.3 10.6 17.7 14.2 15.9 18.4 12.5 17.0 15.1 12.1 15.4 
NiO 0.09 0.07 0.10 0.10 0.09 0.08 0.08 0.09 0.10 0.10 0.09 0.12 
             Ca - - - - - 94 - - - - - 115 
Sc 34 37 27 42 35 36 42 28 42 34 28 37 
Ti 284620 268273 303805 269300 287439 278328 268032 297672 273819 281222 296668 277553 
V 1469 1634 1441 1484 1659 1450 1937 1758 1962 1881 1894 1736 
Cr 4565 6931 3127 7429 4798 4375 8084 3720 8075 6112 3280 12581 
Mn 2140 2030 2083 2150 2261 2034 2480 2346 2584 2431 2503 2165 
Co 149 140 172 135 166 146 171 204 181 188 225 145 
Ni 605 607 669 555 684 581 662 809 757 775 802 879 
Cu 17 11 31 9 20 14 11 34 13 19 33 13 
Zn 139 143 140 139 159 139 193 169 194 203 202 154 
Zr 695 827 369 892 628 698 944 414 854 674 445 665 
Nb 2153 2814 1207 3010 2089 2349 3361 1583 2990 2509 1699 2571 
Mo 2 2 2 2 2 2 2 3 2 3 3 2 
Sn 12 15 9 14 14 13 22 13 21 18 15 14 
Hf 24 29 14 34 23 27 34 17 31 23 17 24 
Ta 222 279 134 333 223 257 345 164 322 251 175 268 





EMP and associated LA-ICP-MS Ilmenite analyses from the Popugaevoi kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                        
  25 26 27 28 29 30 31 32 33 34 35 
Nb2O5 0.39 0.19 0.37 0.37 0.31 0.31 0.34 0.40 0.12 0.16 0.17 
SiO2 0.04 <0.03 <0.03 <0.03 0.03 0.03 <0.03 <0.03 <0.03 <0.03 0.05 
TiO2 45.0 49.6 45.1 45.3 47.3 47.3 44.5 45.7 52.0 52.9 54.1 
ZrO2 0.09 0.05 0.07 0.06 0.10 0.10 0.11 0.11 0.06 0.07 0.05 
Al2O3 0.50 0.65 0.51 0.55 0.60 0.60 0.46 0.56 0.71 0.62 0.58 
V2O3 <0.03 0.17 0.14 0.22 0.70 0.70 <0.03 <0.03 0.04 <0.03 0.22 
Cr2O3 1.25 0.48 1.42 1.50 0.93 0.93 1.22 1.30 0.62 1.63 0.92 
MgO 7.67 10.4 7.76 8.10 10.1 10.1 7.41 7.96 11.0 14.3 13.7 
CaO <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.06 0.05 
MnO 0.26 0.26 0.26 0.24 0.22 0.22 0.27 0.23 0.20 0.42 0.43 
FeO 27.0 26.1 26.8 26.4 24.7 24.7 26.9 27.1 27.0 21.7 23.8 
*Fe2O3 17.5 11.7 17.5 16.7 14.9 14.9 18.9 17.0 8.2 7.8 5.9 
NiO 0.08 0.08 0.07 0.11 0.10 0.10 0.06 0.10 0.11 0.12 0.10 
            Ca 111 191 110 111 113 136 95 377 119 296 94 
Sc 40 27 39 37 39 35 45 27 24 60 36 
Ti 269895 297255 270150 274160 273317 283816 266522 306450 311978 316903 324119 
V 1926 1704 1838 1787 1873 1603 1692 1454 1635 1799 1959 
Cr 7392 2600 8156 8922 7639 4765 6330 29749 3351 8539 5799 
Mn 2173 2175 2066 2158 2116 1699 1910 2029 1527 2765 2015 
Co 148 169 139 147 138 140 119 166 152 132 156 
Ni 623 674 629 697 616 677 475 1411 673 872 759 
Cu 11 28 11 12 11 22 10 15 30 24 23 
Zn 159 142 150 154 146 101 131 118 108 101 155 
Zr 881 397 777 722 801 596 973 278 303 763 774 
Nb 3014 1395 2689 2539 2749 1992 3068 509 928 2396 2280 
Mo 2 2 2 2 2 2 2 - 1 1 2 
Sn 17 11 16 16 16 13 16 4 7 11 13 
Hf 30 14 25 24 27 21 34 11 12 31 29 
Ta 295 142 258 254 270 209 328 78 110 317 252 





EMP and associated LA-ICP-MS Ilmenite analyses from the Tayejnaya kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.44 0.24 0.06 0.43 0.07 0.35 0.14 0.05 0.35 <0.03 0.09 <0.03 
SiO2 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 <0.03 <0.03 <0.03 <0.03 <0.03 
TiO2 32.8 49.1 38.7 38.0 37.8 49.6 39.3 34.4 31.8 32.2 42.3 43.8 
ZrO2 0.15 0.05 0.09 0.09 0.09 0.03 0.08 0.11 0.18 0.14 0.07 0.04 
Al2O3 0.77 0.67 0.73 0.69 0.75 0.56 0.72 0.80 0.72 0.78 0.68 0.62 
V2O3 0.21 0.07 0.12 0.18 0.16 0.00 0.14 0.13 0.17 0.19 0.09 0.06 
Cr2O3 1.51 0.39 0.22 0.07 0.08 1.68 0.32 1.27 3.58 4.08 0.33 0.22 
MgO 3.72 10.9 5.16 4.92 4.84 10.2 5.22 4.17 3.91 3.98 7.24 7.08 
CaO <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.09 0.12 0.07 0.06 
MnO 0.12 0.25 0.14 0.12 0.12 0.22 0.13 0.11 0.10 0.15 0.19 0.20 
FeO 23.3 24.5 25.5 25.7 25.3 26.4 26.1 23.5 21.8 21.5 24.9 26.5 
*Fe2O3 36.8 13.7 28.9 29.4 30.7 10.9 27.5 34.9 36.8 36.4 24.0 21.1 
NiO 0.05 0.15 0.00 0.05 0.04 0.11 0.05 0.07 0.07 0.11 0.08 0.05 
             Ca 24 86 24 27 22 102 26 13 9 9 42 1073 
Sc 28 39 23 23 24 20 24 29 30 32 22 31 
Ti 196703 294172 231794 227858 226617 297155 235622 206429 190367 192907 253457 262596 
V 2330 2133 2451 2415 2424 1632 2470 2411 2346 2297 2347 2017 
Cr 8885 1360 1313 474 503 10223 2134 7814 22392 23962 2538 1219 
Mn 951 1745 1070 1082 1071 1708 1122 842 861 931 1314 1992 
Co 101 163 131 131 130 164 135 105 97 97 147 129 
Ni 474 1226 271 240 241 968 368 486 685 730 590 380 
Cu 13 35 21 18 18 39 20 20 12 7 24 17 
Zn 116 110 134 163 136 150 145 97 110 109 124 125 
Zr 1193 264 700 760 764 345 699 1155 1315 1303 554 550 
Nb 2030 495 1191 1237 1301 1044 1185 1945 2111 1962 1101 1021 
Mo 4 2 4 4 4 2 3 4 3 3 3 3 
Sn 22 7 17 19 17 8 17 22 24 22 13 10 
Hf 43 9 26 28 27 13 25 40 45 46 21 20 
Ta 180 49 107 114 115 105 109 170 192 186 106 102 





EMP and associated LA-ICP-MS Ilmenite analyses from the Tayejnaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.15 0.11 0.11 0.11 0.30 0.19 0.16 0.19 0.20 0.21 0.16 0.10 
SiO2 <0.03 0.06 <0.03 0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
TiO2 48.2 48.7 46.7 48.6 32.5 40.7 45.2 37.8 44.7 39.0 48.1 48.7 
ZrO2 <0.03 0.03 0.05 <0.03 0.16 0.07 0.06 0.10 <0.03 0.07 0.04 <0.03 
Al2O3 0.93 0.65 0.61 0.64 0.71 0.65 0.69 0.72 0.62 0.71 0.60 0.71 
V2O3 0.05 0.03 0.06 0.00 0.19 0.06 0.04 0.12 0.07 0.11 <0.03 <0.03 
Cr2O3 4.96 0.18 0.35 0.09 3.77 0.93 0.75 1.22 0.15 1.19 0.17 0.19 
MgO 10.6 10.7 8.92 9.05 3.97 5.89 7.64 4.97 7.37 5.27 10.1 9.42 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.20 0.29 0.23 0.21 0.13 0.16 0.19 0.12 0.19 0.13 0.29 0.20 
FeO 24.2 24.6 25.9 27.5 22.4 26.1 27.0 25.2 27.1 25.8 25.1 26.9 
*Fe2O3 11.1 15.4 17.5 14.1 36.3 25.8 18.7 29.9 20.4 28.5 15.8 14.4 
NiO 0.17 0.12 0.10 0.09 0.09 0.08 0.08 0.05 0.04 0.06 0.11 0.09 
             Ca 87 128 94 102 18 34 67 21 63 23 194 114 
Sc 24 25 33 20 33 27 25 29 24 26 27 20 
Ti 288783 291670 279850 291591 195070 243780 270953 226503 268210 233555 288507 291995 
V 2107 1907 1994 1862 2326 2057 2036 2303 2178 2320 2007 1907 
Cr 29197 1058 1981 486 22603 5622 4638 6972 837 6998 883 856 
Mn 1504 1965 1735 1562 938 1238 1375 1032 1425 1091 2205 1552 
Co 170 165 153 169 100 135 151 127 154 134 156 175 
Ni 1200 814 756 603 715 501 737 386 401 563 753 722 
Cu 35 32 27 44 8 16 27 17 27 17 30 47 
Zn 101 98 100 146 117 140 138 118 155 135 117 141 
Zr 321 305 429 299 1330 696 492 867 478 712 349 272 
Nb 854 593 910 635 1996 1383 971 1237 1062 1203 828 571 
Mo 1 2 2 2 3 3 2 4 3 3 2 2 
Sn 8 7 9 7 23 14 11 17 11 16 9 7 
Hf 14 13 17 12 48 26 19 33 18 26 13 11 
Ta 115 62 97 64 193 133 103 122 104 116 85 56 





EMP and associated LA-ICP-MS Ilmenite analyses from the Tayejnaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
        
  25 26 27 
Nb2O5 0.10 0.08 0.07 
SiO2 0.10 0.05 0.05 
TiO2 49.7 47.5 49.1 
ZrO2 <0.03 <0.03 <0.03 
Al2O3 0.75 0.73 0.84 
V2O3 <0.03 0.05 <0.03 
Cr2O3 0.20 0.10 0.41 
MgO 10.1 8.65 10.3 
CaO <0.03 <0.03 <0.03 
MnO 0.22 0.18 0.22 
FeO 26.5 27.1 25.7 
*Fe2O3 13.1 16.0 13.9 
NiO 0.10 0.09 0.12 
    Ca 117 96 163 
Sc 20 20 25 
Ti 297656 284681 294539 
V 1947 2137 1913 
Cr 1174 501 2566 
Mn 1585 1458 2445 
Co 174 170 161 
Ni 804 625 1096 
Cu 51 44 30 
Zn 144 150 98 
Zr 258 277 231 
Nb 552 565 454 
Mo 2 2 1 
Sn 6 8 6 
Hf 10 11 9 
Ta 58 59 47 





EMP and associated LA-ICP-MS Ilmenite analyses from the Udachnaya kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.27 0.33 0.24 0.25 0.28 0.23 0.26 0.23 0.39 0.18 0.28 0.13 
SiO2 <0.03 <0.03 <0.03 0.03 0.10 0.05 0.08 0.15 0.11 0.08 0.10 0.10 
TiO2 46.4 47.2 47.2 46.7 46.7 48.6 47.3 47.9 45.6 48.1 46.8 51.5 
ZrO2 0.08 0.05 0.06 0.06 0.07 0.05 0.07 0.05 0.08 0.04 0.08 0.03 
Al2O3 0.22 0.43 0.29 0.34 0.63 0.54 0.31 1.27 0.55 0.60 0.62 0.67 
V2O3 0.34 <0.03 0.42 0.45 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 1.01 1.00 0.99 1.00 1.02 0.32 0.96 0.98 2.64 0.42 1.11 2.53 
MgO 8.49 8.73 8.62 8.36 8.63 9.26 8.66 9.51 8.56 9.27 8.66 12.0 
CaO <0.03 <0.03 <0.03 0.03 <0.03 0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.27 0.24 0.25 0.25 0.40 0.23 0.24 0.26 0.42 0.23 0.23 
FeO 26.6 26.9 27.1 27.1 26.7 27.1 27.2 26.3 26.0 26.6 26.8 24.7 
*Fe2O3 15.3 14.8 15.0 15.4 14.9 12.5 14.4 12.4 14.9 13.5 14.5 7.2 
NiO 0.08 0.08 0.09 0.09 0.10 0.08 0.10 0.10 0.14 0.06 0.09 0.20 
             Ca 127 84 125 89 200 274 132 125 107 148 590 199 
Sc 28 30 30 30 33 25 29 28 33 28 29 20 
Ti 278256 282753 283019 279870 279883 291532 283603 287404 273616 288427 280402 308536 
V 1987 1862 1581 2115 1579 2116 2031 2136 2282 1828 2070 1762 
Cr 7499 6768 5738 7708 6054 2247 7386 7321 22127 2579 8011 17937 
Mn 2514 2451 2048 2558 1971 3532 2562 2567 2948 3561 2633 2538 
Co 213 189 154 216 156 220 211 218 225 186 211 236 
Ni 949 834 684 985 655 730 971 1061 1574 547 1006 1970 
Cu 19 22 16 25 9 12 24 28 11 22 22 31 
Zn 238 194 174 240 156 263 244 235 274 199 232 162 
Zr 475 526 570 527 630 362 502 503 671 437 528 271 
Nb 1991 2002 1971 2124 2080 1519 2056 2065 2960 1713 2152 1347 
Mo 3 3 2 3 2 3 3 3 3 3 22 1 
Sn 17 15 13 20 13 16 18 18 24 13 18 10 
Hf 18 20 23 20 24 14 19 20 22 17 20 11 
Ta 194 197 205 203 222 140 194 192 272 168 201 168 





EMP and associated LA-ICP-MS Ilmenite analyses from the Udachnaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                      
  13 14 15 16 17 18 19 20 21 22 
Nb2O5 0.24 0.06 0.14 0.08 0.17 0.43 0.17 0.09 0.12 0.27 
SiO2 <0.03 <0.03 0.03 0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
TiO2 40.2 48.8 49.4 50.3 40.0 35.8 41.3 49.5 48.1 47.9 
ZrO2 0.09 0.07 0.06 0.05 0.06 0.12 0.06 0.07 0.07 0.11 
Al2O3 <0.03 0.47 0.60 0.61 0.03 0.11 0.05 0.55 0.47 0.29 
V2O3 0.15 <0.03 <0.03 <0.03 0.15 0.09 0.08 <0.03 <0.03 0.04 
Cr2O3 1.34 0.13 0.21 0.13 0.22 1.21 0.41 0.20 0.10 0.77 
MgO 4.21 8.26 9.13 9.27 3.54 3.57 5.06 8.96 7.56 7.40 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.24 0.23 0.23 0.24 0.27 0.14 0.21 0.23 0.22 0.28 
FeO 28.6 29.0 28.1 28.6 29.6 26.1 28.1 28.4 29.7 29.9 
*Fe2O3 24.7 12.5 11.8 10.4 25.5 31.8 24.5 11.7 13.6 12.9 
NiO 0.06 0.04 0.06 0.04 0.03 0.06 0.00 0.04 0.04 0.06 
           Ca 75 161 163 166 71 64 96 167 136 109 
Sc 44 26 27 24 34 60 27 29 30 33 
Ti 240716 292235 296247 301715 239887 214300 247563 296724 289504 287102 
V 2360 2209 1964 1831 2583 1969 2007 1535 2255 2215 
Cr 7128 618 1139 639 1050 6657 2173 1042 373 4653 
Mn 2009 2206 2120 2229 2189 1138 1793 2014 2281 2597 
Co 119 199 198 205 114 110 141 169 195 189 
Ni 363 307 491 493 165 502 243 392 216 404 
Cu 6 24 26 29 6 5 15 23 20 19 
Zn 168 180 157 182 185 111 131 149 190 209 
Zr 778 591 572 421 695 1117 695 630 760 981 
Nb 1844 843 729 651 1365 3523 1268 765 991 1933 
Mo 1 1 1 1 1 1 1 1 1 1 
Sn 16 12 10 9 17 24 15 9 14 18 
Hf 25 20 20 15 24 30 24 21 25 32 
Ta 135 80 69 56 91 235 104 75 94 205 





EMP and associated LA-ICP-MS Ilmenite analyses from the Ugadayka kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.40 0.38 0.28 0.18 0.13 0.26 0.29 0.18 0.25 0.12 0.39 0.43 
SiO2 <0.03 <0.03 <0.03 0.05 0.09 <0.03 0.04 0.07 0.06 0.07 <0.03 <0.03 
TiO2 46.8 47.8 48.5 51.8 52.4 50.0 49.1 51.6 50.0 52.4 48.3 47.9 
ZrO2 0.05 0.06 0.06 0.05 <0.03 0.06 0.08 <0.03 0.06 0.03 0.06 0.07 
Al2O3 0.51 0.52 0.53 0.58 0.55 0.54 0.52 0.55 0.54 0.59 0.52 0.46 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.78 1.02 0.81 1.10 1.02 1.24 0.95 1.31 0.84 1.13 1.02 0.76 
MgO 8.67 9.29 9.74 11.9 12.8 10.6 9.61 12.1 10.2 13.4 9.00 8.76 
CaO <0.03 0.04 <0.03 0.14 <0.03 0.04 0.28 <0.03 0.12 0.11 0.19 <0.03 
MnO 0.30 0.29 0.25 0.25 0.24 0.28 0.28 0.26 0.27 0.24 0.28 0.30 
FeO 26.7 26.5 26.3 25.1 24.3 26.0 26.7 24.6 26.6 23.0 27.3 27.6 
*Fe2O3 14.8 13.4 13.1 8.9 8.0 11.2 12.3 9.3 10.5 8.3 13.1 13.8 
NiO 0.08 0.08 0.09 0.12 0.15 0.10 0.10 0.16 0.10 0.15 0.07 0.07 
             Ca 80 86 97 186 138 111 103 123 107 139 86 80 
Sc 39 35 36 25 22 31 33 24 31 21 40 41 
Ti 280450 286401 290792 310202 314169 299862 294609 309077 299457 314109 289678 286868 
V 1907 1906 1844 1712 1690 1783 1860 1719 1839 1721 1966 1966 
Cr 4275 5128 4878 5446 6181 5536 4766 6547 5067 5508 4840 4238 
Mn 2046 2072 1879 1734 1770 1967 2074 1900 2026 1769 2124 2130 
Co 133 141 141 157 162 149 147 162 151 170 140 137 
Ni 481 602 619 1001 1045 836 691 1117 793 1041 557 477 
Cu 16 19 21 35 39 25 24 35 26 46 17 16 
Zn 124 125 117 116 123 134 137 140 139 130 128 131 
Zr 772 679 650 307 274 503 560 331 486 236 759 828 
Nb 2611 2414 2185 968 891 1728 2075 1213 1833 821 2598 2784 
Mo 1 1 1 1 1 1 1 1 1 1 1 1 
Sn 12 12 12 7 7 10 11 9 10 6 12 13 
Hf 29 26 25 12 11 20 21 13 19 9 28 31 
Ta 314 281 265 120 117 210 237 144 212 97 310 332 





EMP and associated LA-ICP-MS Ilmenite analyses from the Ugadayka kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.28 0.42 0.11 0.11 0.11 0.18 0.18 0.32 <0.03 0.38 0.33 0.53 
SiO2 0.03 <0.03 0.10 0.05 0.04 0.06 0.03 0.05 0.05 <0.03 0.08 <0.03 
TiO2 49.6 47.6 51.9 52.4 53.6 53.2 52.8 52.0 49.7 51.0 52.7 51.1 
ZrO2 0.05 0.09 <0.03 <0.03 <0.03 0.04 <0.03 0.03 0.05 0.04 0.03 0.03 
Al2O3 0.52 0.45 0.64 0.61 0.56 0.51 0.51 0.51 0.55 0.54 0.62 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.89 0.79 1.73 1.80 1.20 0.82 0.88 0.81 0.63 0.43 1.17 0.50 
MgO 10.5 8.56 12.3 12.6 13.2 12.4 12.2 12.2 10.4 11.3 13.5 11.1 
CaO 0.05 0.23 <0.03 0.03 <0.03 0.04 0.03 0.23 0.07 <0.03 0.20 0.09 
MnO 0.24 0.28 0.22 0.23 0.25 0.24 0.27 0.26 0.24 0.28 0.22 0.26 
FeO 26.0 27.4 24.6 24.3 24.5 25.7 25.4 24.8 25.7 25.8 23.2 26.4 
*Fe2O3 11.0 14.0 7.9 8.4 7.0 7.3 8.3 8.4 11.6 9.6 8.4 8.9 
NiO 0.08 0.06 0.15 0.17 0.17 0.13 0.14 0.15 0.10 0.13 0.17 0.06 
             Ca 111 82 144 149 163 141 138 150 103 187 138 159 
Sc 31 41 20 23 22 22 23 22 29 26 21 26 
Ti 297479 285427 311353 313810 321362 318973 316393 311666 297652 305805 315713 306427 
V 1759 2004 1747 1727 1646 1755 1772 1675 1830 1729 1714 1712 
Cr 3989 4260 10488 10381 7178 5011 5261 5111 4678 3077 7491 2969 
Mn 1952 2107 1682 1680 1771 1970 1962 1870 1965 1920 1717 1964 
Co 149 139 171 168 171 170 168 165 153 158 171 157 
Ni 710 488 1221 1202 1265 1047 981 976 797 755 1185 713 
Cu 25 17 44 42 48 45 41 41 27 32 40 29 
Zn 128 131 131 125 115 148 141 143 144 135 113 132 
Zr 483 823 229 256 220 261 284 281 466 352 250 370 
Nb 1657 2851 730 732 704 1053 1123 1044 1726 1280 836 1340 
Mo 1 1 1 1 1 1 1 1 1 1 2 1 
Sn 10 13 6 6 5 7 8 7 10 8 6 8 
Hf 19 31 9 11 9 10 11 11 18 14 10 15 
Ta 199 330 86 92 92 124 133 125 198 148 98 161 





EMP and associated LA-ICP-MS Ilmenite analyses from the Ugadayka kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
        
  25 26 27 
Nb2O5 <0.03 <0.03 0.55 
SiO2 0.06 <0.03 0.06 
TiO2 52.3 52.0 52.4 
ZrO2 <0.03 0.04 <0.03 
Al2O3 0.62 0.54 0.64 
V2O3 <0.03 <0.03 <0.03 
Cr2O3 1.41 0.60 1.50 
MgO 12.7 12.1 12.5 
CaO <0.03 0.42 0.05 
MnO 0.20 0.28 0.22 
FeO 24.1 24.3 25.1 
*Fe2O3 8.3 9.2 7.4 
NiO 0.18 0.11 0.11 
    Ca 1216 149 144 
Sc 22 25 22 
Ti 313472 311648 313805 
V 1710 1683 1703 
Cr 8606 3737 8826 
Mn 1695 2045 1696 
Co 169 181 168 
Ni 1147 943 1150 
Cu 41 30 41 
Zn 122 119 124 
Zr 249 343 256 
Nb 740 1161 762 
Mo 1 1 1 
Sn 6 7 6 
Hf 10 14 10 
Ta 90 143 92 





EMP and associated LA-ICP-MS Ilmenite analyses from the Ukrainskaya kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.44 0.32 0.16 0.20 0.45 0.39 0.45 0.31 0.27 0.45 0.43 0.42 
SiO2 0.03 0.04 <0.03 0.04 <0.03 0.03 <0.03 0.06 <0.03 0.04 <0.03 0.04 
TiO2 46.0 48.0 51.7 53.0 46.1 46.9 44.9 51.7 48.2 48.1 46.7 46.7 
ZrO2 0.08 0.07 0.04 0.10 0.10 0.10 0.10 0.04 0.09 0.08 0.10 0.08 
Al2O3 0.48 0.50 0.74 0.72 0.43 0.49 0.47 0.63 0.56 1.50 0.50 0.52 
V2O3 0.43 0.66 0.19 <0.03 0.15 0.05 0.30 0.24 <0.03 0.85 0.59 0.46 
Cr2O3 1.48 0.88 1.11 1.58 1.33 1.52 1.38 1.27 1.00 1.74 1.46 1.61 
MgO 8.43 9.10 13.0 13.4 8.14 8.69 8.39 12.6 9.48 10.1 8.51 8.69 
CaO <0.03 <0.03 0.04 0.07 <0.03 0.03 <0.03 0.04 <0.03 0.03 <0.03 <0.03 
MnO 0.27 0.28 0.30 0.33 0.27 0.26 0.28 0.30 0.24 0.28 0.26 0.26 
FeO 26.5 27.0 23.1 23.6 27.2 26.8 25.6 24.0 26.5 25.4 27.0 26.7 
*Fe2O3 15.5 13.7 10.1 7.3 16.0 14.8 17.1 8.5 13.3 12.2 14.6 14.6 
NiO 0.09 0.09 0.15 0.12 0.06 0.09 0.08 0.13 0.10 0.11 0.09 0.08 
             Ca 78 161 219 1325 99 105 106 286 137 183 112 - 
Sc 38 35 32 62 42 40 44 33 35 52 40 40 
Ti 275864 287786 310022 317988 276254 281061 269402 309936 289114 288280 279677 279646 
V 2189 2097 2174 1403 2325 2241 2014 2017 1939 2343 2068 1719 
Cr 9875 5846 7889 11505 9764 10638 8591 8067 6125 11120 9628 9389 
Mn 2778 2594 3091 4247 2958 2747 2568 2734 2446 2597 2647 2328 
Co 198 194 225 206 202 200 172 201 197 180 183 148 
Ni 863 829 1601 1194 803 937 694 1206 910 1002 864 684 
Cu 17 22 41 40 16 18 17 40 22 21 16 14 
Zn 198 187 155 137 211 205 169 119 178 97 195 165 
Zr 777 632 384 519 837 786 941 421 611 855 796 802 
Nb 3160 2436 1483 1494 3597 3233 3387 2220 2308 3420 3236 2991 
Mo 2 2 2 - 2 3 2 1 2 2 2 1 
Sn 22 17 15 9 23 22 19 13 15 20 19 16 
Hf 28 24 15 22 29 29 33 17 23 30 28 30 
Ta 317 250 155 246 347 316 351 242 234 342 317 337 





EMP and associated LA-ICP-MS Ilmenite analyses from the Ukrainskaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.29 0.39 0.31 0.41 0.12 0.15 0.20 0.44 0.26 0.20 0.19 0.38 
SiO2 0.03 0.03 <0.03 <0.03 0.03 0.06 <0.03 <0.03 0.04 0.06 <0.03 <0.03 
TiO2 48.6 46.7 47.4 45.8 52.6 52.1 51.1 46.0 48.6 50.6 54.3 47.5 
ZrO2 0.04 0.10 0.08 0.09 0.03 0.04 0.04 0.13 0.07 0.04 0.04 0.10 
Al2O3 0.58 0.53 0.54 0.46 0.57 0.58 0.57 0.49 0.55 0.61 0.60 0.53 
V2O3 0.55 0.30 0.25 0.52 <0.03 0.13 <0.03 0.15 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.98 1.44 0.97 2.05 0.95 0.63 0.56 2.20 1.05 0.55 0.66 1.67 
MgO 9.69 8.52 9.46 8.45 12.4 11.7 12.5 8.07 9.63 11.4 13.7 9.12 
CaO <0.03 0.03 <0.03 <0.03 <0.03 0.03 0.03 0.03 <0.03 0.06 0.09 <0.03 
MnO 0.25 0.27 0.26 0.25 0.23 0.23 0.28 0.25 0.25 0.28 0.33 0.25 
FeO 26.5 26.9 25.8 26.3 25.0 25.8 23.7 27.1 26.6 25.2 24.2 26.6 
*Fe2O3 12.7 14.7 14.0 15.9 8.0 8.4 11.2 15.2 13.2 11.3 6.2 13.9 
NiO 0.10 0.10 0.10 0.10 0.14 0.10 <0.03 0.13 <0.03 <0.03 <0.03 <0.03 
             Ca - - - - - - 242 155 158 311 472 155 
Sc 29 41 31 38 24 26 31 43 34 35 52 41 
Ti 291434 279825 284060 274499 315142 312147 306323 275510 291064 303195 325373 284560 
V 1932 1698 1757 1799 1623 1570 1731 1949 1877 1762 1664 1937 
Cr 6770 8649 6029 13584 5425 3722 3225 13519 6493 3256 3597 10447 
Mn 2621 2503 2458 2624 2309 2218 2451 2204 2380 2374 2794 2394 
Co 185 158 180 177 200 189 182 153 183 167 165 177 
Ni 962 659 838 797 1042 840 980 719 866 663 862 950 
Cu 26 13 21 20 50 38 35 13 22 28 28 20 
Zn 228 183 198 212 157 149 111 153 163 114 99 167 
Zr 479 822 554 804 253 322 425 855 590 521 478 788 
Nb 2005 3057 2089 3177 888 1103 1556 3176 2310 1848 1599 2827 
Mo 3 2 2 2 2 1 2 2 2 2 2 2 
Sn 18 18 16 21 9 9 12 16 15 12 10 16 
Hf 17 32 22 31 10 12 16 30 22 20 19 29 
Ta 200 321 225 323 102 134 158 321 237 205 188 302 





EMP and associated LA-ICP-MS Ilmenite analyses from the Ukrainskaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.16 0.26 0.35 0.18 0.38 0.41 0.42 0.42 0.20 0.20 0.28 0.42 
SiO2 0.06 0.07 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04 0.03 <0.03 
TiO2 52.0 49.1 47.2 50.9 46.1 46.8 45.4 45.9 50.7 50.1 49.6 46.0 
ZrO2 0.04 0.06 0.10 0.05 0.10 0.08 0.09 0.12 0.03 0.05 0.09 0.09 
Al2O3 0.54 0.53 0.55 0.55 0.55 0.54 0.44 0.42 0.57 0.56 0.62 0.53 
V2O3 0.12 <0.03 <0.03 <0.03 0.06 <0.03 0.22 0.33 0.35 <0.03 0.06 0.33 
Cr2O3 0.62 0.90 1.59 0.69 1.94 1.66 1.48 1.37 0.58 0.66 0.89 1.64 
MgO 11.5 9.69 8.84 11.5 8.33 8.79 8.13 8.05 11.3 10.4 11.8 8.53 
CaO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.05 <0.03 
MnO 0.25 0.25 0.28 0.27 0.27 0.26 0.28 0.26 0.22 0.25 0.30 0.26 
FeO 26.2 27.0 26.8 25.2 26.8 26.6 26.5 27.2 25.4 26.5 23.4 26.4 
*Fe2O3 8.6 12.3 14.2 10.4 15.2 14.9 16.7 16.6 10.4 11.4 12.6 15.8 
NiO 0.10 <0.03 <0.03 <0.03 0.05 <0.03 0.09 0.07 0.11 0.10 0.12 0.08 
             Ca 247 160 141 296 139 141 109 123 183 219 440 129 
Sc 31 34 43 27 40 42 46 48 29 34 44 46 
Ti 311766 294357 282722 304975 276293 280242 272258 275389 303963 300377 297350 275892 
V 1765 1819 1854 1707 1881 1925 1792 1885 1786 1657 1821 1904 
Cr 3780 4880 9334 3992 11916 10322 8540 8124 3330 3730 5020 9388 
Mn 2242 2186 2344 2181 2292 2341 2256 2331 2298 2305 2545 2367 
Co 192 174 159 191 158 169 145 147 199 183 161 150 
Ni 838 846 760 856 803 824 599 570 773 748 840 692 
Cu 38 22 16 35 15 15 13 12 36 27 26 14 
Zn 145 148 148 143 167 158 137 146 136 140 102 138 
Zr 373 546 791 341 702 750 1066 1098 385 441 568 865 
Nb 1260 1924 2952 1293 2659 2892 3793 3998 1480 1661 2053 2968 
Mo 2 2 2 2 2 2 2 1 2 2 2 2 
Sn 10 13 15 10 16 16 17 18 10 11 13 15 
Hf 15 21 30 13 25 29 43 43 16 18 22 32 
Ta 152 210 317 145 266 317 420 449 163 181 224 320 





EMP and associated LA-ICP-MS Ilmenite analyses from the Ukrainskaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
          
  37 38 39 40 
Nb2O5 0.34 0.43 0.40 0.20 
SiO2 <0.03 <0.03 <0.03 <0.03 
TiO2 48.5 46.3 47.5 52.4 
ZrO2 0.05 0.07 0.10 0.06 
Al2O3 0.54 0.56 0.76 0.79 
V2O3 0.13 0.33 0.14 <0.03 
Cr2O3 1.04 1.63 1.62 1.71 
MgO 9.50 8.52 11.4 14.0 
CaO <0.03 0.00 0.06 0.07 
MnO 0.27 0.26 0.31 0.39 
FeO 26.7 26.6 22.5 21.8 
*Fe2O3 13.1 14.8 15.1 8.6 
NiO 0.10 0.11 0.10 0.10 
     Ca 157 125 252 479 
Sc 38 41 45 73 
Ti 290696 277717 314180 284698 
V 1739 2164 1947 1020 
Cr 5145 10110 9825 8670 
Mn 2202 2525 2260 2434 
Co 146 173 148 111 
Ni 679 817 905 701 
Cu 18 16 23 18 
Zn 135 165 102 68 
Zr 614 726 902 487 
Nb 2161 2968 3091 1447 
Mo 2 2 1 - 
Sn 12 17 14 6 
Hf 24 25 33 21 
Ta 232 287 348 224 





EMP and associated LA-ICP-MS Ilmenite analyses from the Zagadochnaya kimberlite pipe. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  1 2 3 4 5 6 7 8 9 10 11 12 
Nb2O5 0.37 0.41 0.32 0.29 0.36 0.35 0.31 0.36 0.37 0.38 0.31 0.35 
SiO2 0.06 0.04 0.03 0.04 <0.03 <0.03 <0.03 0.03 0.04 0.04 0.09 0.04 
TiO2 49.1 47.9 48.7 50.4 48.7 47.1 49.0 48.5 48.2 48.5 49.8 48.8 
ZrO2 0.07 0.07 0.07 0.04 0.05 0.07 0.07 0.08 0.10 0.08 0.05 0.06 
Al2O3 0.53 0.47 0.54 0.50 0.47 0.52 0.53 0.50 0.53 0.44 0.58 0.54 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
Cr2O3 0.88 0.85 0.81 1.03 0.85 2.05 0.89 0.83 0.84 0.77 1.10 0.93 
MgO 9.68 8.80 9.43 10.6 9.56 9.01 9.78 9.38 9.11 8.98 10.5 9.90 
CaO <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 
MnO 0.26 0.28 0.28 0.27 0.31 0.27 0.26 0.29 0.30 0.31 0.31 0.29 
FeO 27.0 27.6 27.0 26.5 26.8 26.4 26.7 27.0 27.2 27.7 26.1 26.3 
*Fe2O3 12.0 13.5 12.7 10.3 12.5 14.3 12.2 13.3 13.2 12.9 11.1 13.1 
NiO 0.10 0.06 0.09 0.11 0.09 0.08 0.09 0.08 0.08 0.06 0.14 0.10 
             Ca44 - - - 153 - 288 - - - - 152 123 
Sc45 38 38 39 32 37 40 31 37 36 42 37 37 
Ti46 294120 287119 291696 302008 292099 282468 293958 290777 289058 290780 298736 292310 
V51 1570 2195 1710 2027 1772 1896 2060 1835 2100 1758 1787 2201 
Cr53 4296 5202 4385 6616 4555 13599 6754 5038 6259 4996 6406 6240 
Mn55 2446 2931 2426 2935 2582 2472 2923 2526 2799 2694 2306 2758 
Co59 150 189 157 210 166 160 199 154 191 161 166 190 
Ni60 578 593 591 1075 620 648 858 580 675 509 887 731 
Cu63 17 18 17 29 18 26 25 18 19 14 23 20 
Zn68 139 196 147 195 158 173 233 171 215 168 153 169 
Zr90 637 740 644 449 580 644 461 636 629 680 535 583 
Nb93 2572 3305 2487 2318 2787 2578 2234 2500 2662 3203 2109 2717 
Mo95 2 2 2 2 2 2 2 2 2 2 2 2 
Sn120 13 20 13 17 15 16 18 15 19 16 14 19 
Hf180 25 27 24 18 23 24 17 26 23 27 20 22 
Ta181 302 350 294 251 305 275 235 281 290 345 238 272 





EMP and associated LA-ICP-MS Ilmenite analyses from the Zagadochnaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  13 14 15 16 17 18 19 20 21 22 23 24 
Nb2O5 0.36 0.36 0.41 0.24 0.22 0.38 0.35 0.08 0.46 0.45 0.34 0.21 
SiO2 0.04 0.12 0.03 0.03 <0.03 <0.03 0.03 0.06 <0.03 0.05 <0.03 <0.03 
TiO2 49.2 48.2 48.4 50.4 45.8 48.0 48.7 51.3 47.9 47.8 48.7 49.7 
ZrO2 0.07 0.07 0.08 0.05 0.06 0.10 0.06 <0.03 0.07 0.08 0.07 0.06 
Al2O3 0.52 0.48 0.42 0.50 0.52 0.51 0.53 0.79 0.47 0.50 0.50 0.48 
V2O3 <0.03 <0.03 <0.03 <0.03 <0.03 0.09 0.14 <0.03 0.12 0.14 <0.03 <0.03 
Cr2O3 0.86 1.37 0.70 1.18 0.95 0.83 0.93 1.48 0.79 0.82 0.91 1.54 
MgO 9.65 9.58 9.20 10.5 8.72 9.09 9.48 12.3 8.71 8.71 9.43 10.4 
CaO 0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 
MnO 0.28 0.29 0.29 0.28 0.24 0.29 0.29 0.22 0.29 0.30 0.28 0.26 
FeO 27.1 26.4 27.3 26.5 25.6 27.1 27.0 24.0 27.7 27.7 27.0 26.0 
*Fe2O3 12.1 13.4 13.4 10.3 16.4 13.3 13.0 8.5 13.5 13.3 12.3 11.2 
NiO 0.08 0.10 0.07 0.11 0.07 0.07 0.10 0.15 0.08 0.06 0.07 0.15 
             Ca 136 129 142 196 146 227 164 226 144 151 161 172 
Sc 40 36 42 36 34 44 37 24 40 40 42 37 
Ti 294721 288653 289952 301891 274459 287593 291991 307672 287209 286654 291720 298019 
V 1859 2245 2060 2133 1753 2017 2130 1914 2235 2278 1885 1787 
Cr 5131 9302 4296 8026 5712 4699 5826 9769 5107 5327 5265 8668 
Mn 2436 2805 2655 2880 2013 2526 2773 2117 2692 2734 2427 2360 
Co 164 192 167 205 158 165 180 206 171 175 153 162 
Ni 654 731 507 1033 708 552 684 1417 529 552 572 1060 
Cu 19 20 17 21 19 18 21 42 15 17 17 19 
Zn 163 189 151 163 156 138 170 151 167 170 142 128 
Zr 628 561 683 548 600 735 621 216 754 693 677 534 
Nb 2553 2841 3329 2207 1977 2791 2745 837 3203 3068 2590 1992 
Mo 2 2 2 2 2 2 2 2 2 1 2 1 
Sn 15 20 17 15 13 15 16 10 18 17 13 12 
Hf 23 21 27 21 22 26 21 9 29 25 25 20 
Ta 289 274 353 236 201 298 274 89 340 330 289 231 





EMP and associated LA-ICP-MS Ilmenite analyses from the Zagadochnaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
                          
  25 26 27 28 29 30 31 32 33 34 35 36 
Nb2O5 0.43 0.32 0.43 0.34 0.30 0.33 0.33 0.14 0.37 0.34 0.38 0.43 
SiO2 <0.03 0.31 <0.03 0.03 0.04 0.07 <0.03 0.06 <0.03 <0.03 <0.03 0.05 
TiO2 48.5 49.0 48.2 48.2 48.3 50.0 49.0 50.2 48.9 48.4 49.2 48.5 
ZrO2 0.07 0.07 0.07 0.08 0.06 0.08 0.07 0.03 0.07 0.07 0.07 0.09 
Al2O3 0.50 0.73 0.44 0.54 0.53 0.52 0.51 0.53 0.54 0.59 0.53 0.49 
V2O3 <0.03 0.43 0.06 <0.03 0.60 <0.03 <0.03 0.12 0.04 0.38 0.26 <0.03 
Cr2O3 0.84 0.82 0.72 0.84 0.91 0.84 0.84 0.22 0.91 0.82 0.84 0.75 
MgO 9.53 11.1 9.32 9.26 10.1 11.8 10.4 9.82 9.99 9.72 9.66 9.54 
CaO <0.03 0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 
MnO 0.32 0.32 0.31 0.28 0.30 0.30 0.30 0.26 0.28 0.29 0.30 0.27 
FeO 26.8 24.6 26.9 26.9 25.5 24.0 25.6 27.5 26.3 26.2 27.1 26.8 
*Fe2O3 12.4 12.1 13.2 13.5 13.6 11.8 12.9 10.9 12.8 13.1 12.1 13.4 
NiO 0.09 0.09 0.05 0.11 0.07 0.11 0.08 0.07 0.07 0.08 0.09 0.06 
             Ca 156 187 155 152 155 188 172 697 157 1845 158 150 
Sc 39 44 42 38 39 40 43 29 37 47 45 44 
Ti 290984 293812 289067 288814 289504 299668 293929 300981 293049 289865 295005 290662 
V 1953 1933 2209 2215 2055 1786 1877 1425 2170 1869 1869 1888 
Cr 5082 4623 4424 5526 5736 4679 4821 1335 5884 4868 4603 3971 
Mn 2716 2740 2763 2723 2565 2462 2626 2354 2728 2586 2467 2557 
Co 176 152 170 188 184 156 157 183 182 168 152 154 
Ni 641 689 535 705 710 752 583 463 712 671 565 486 
Cu 20 20 18 21 24 23 19 31 22 21 16 17 
Zn 157 115 160 176 143 109 131 144 146 154 134 130 
Zr 567 724 711 653 641 628 697 272 615 583 681 754 
Nb 2778 2537 3403 2817 2865 2290 2972 805 2723 1987 2848 3105 
Mo 2 1 2 2 2 1 2 3 2 2 2 2 
Sn 15 14 18 17 16 13 14 8 16 15 14 15 
Hf 21 26 26 23 23 23 24 10 21 20 25 27 
Ta 292 293 360 289 300 276 325 90 277 215 320 346 





EMP and associated LA-ICP-MS Ilmenite analyses from the Zagadochnaya kimberlite pipe continued. 
<0.03 indicates an EMP value below detection limits.  - Indicates a LA-ICP-MS value below detection limits. 
            
  37 38 39 40 41 
Nb2O5 0.37 0.32 0.05 0.03 0.24 
SiO2 <0.03 <0.03 <0.03 <0.03 <0.03 
TiO2 49.0 48.4 50.2 49.6 53.2 
ZrO2 0.05 0.06 <0.03 <0.03 0.05 
Al2O3 0.52 0.54 <0.03 <0.03 0.28 
V2O3 <0.03 <0.03 0.05 0.12 <0.03 
Cr2O3 0.90 0.83 0.12 0.13 0.98 
MgO 9.68 9.45 0.61 0.57 13.1 
CaO <0.03 <0.03 <0.03 <0.03 0.04 
MnO 0.31 0.28 0.29 0.28 0.47 
FeO 26.9 26.8 43.8 43.4 24.2 
*Fe2O3 12.4 13.1 5.0 5.2 6.8 
NiO 0.09 0.10 <0.03 <0.03 0.10 
      Ca 153 159 1 17 106 
Sc 42 43 44 41 38 
Ti 293807 290405 300727 297603 318992 
V 1724 1821 2019 1791 1982 
Cr 5066 4627 546 493 5542 
Mn 2411 2422 1964 1937 2339 
Co 160 153 11 11 147 
Ni 587 553 81 83 668 
Cu 19 17 6 6 21 
Zn 127 134 185 175 131 
Zr 648 668 5 5 710 
Nb 2565 2542 349 348 2619 
Mo 2 2 - - 1 
Sn 13 13 8 7 13 
Hf 23 24 - - 26 
Ta 290 280 16 16 310 





   
The common thread of these separate topics is that they are all related to 
rocks; and Geology is all about the rocks. But it’s also about how we use our 
skillsets to evaluate, interpret, and understand the processes that lead to the 
formation, modification, and destruction of those rocks.  The three chapters of 
this dissertation cover a wide variety of tools from that skillset and document my 
development as a geologist. 
Meteorite fusion crusts form as the surface of a rock melts, and even boils, 
during its rapid deceleration due to friction with the Earth’s atmosphere.  But the 
melted surface does not sit on the surface and mix with the surrounding melt 
creating a homogeneous liquid that is representative of the entire rock.  The 
melted surface is continuously ablated until friction can no longer melt the 
surface of the meteorite and the remaining layer is quenched to form the fusion 
crust; locking vesicles and the melted surface in place and primarily recoding the 
composition of the immediate mineral substrate.   
 The Moscoviense Basin is a large hole in a very big rock.  But an 
understanding of the structural relationship of the present basin to the size and 
depth of the initial excavated crater literally allows us to observe a cross-section 
of the early lunar feldspathic crust that has been exposed by the impact event.  
Mafic material representing secondary magmatic activity that intruded into the 
early crust has been identified in several locations in and around the basin with 
M3 imagery, which also allowed a reclassification of a previously identified mare 
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deposit to an impact melt sheet.  But the Moscoviense Basin is also a bit unusual 
and appears to have formed through multiple and/or oblique impacts, and that 
combination may be why the thinnest crust on the Moon has been reported at 
that location.   
 Finally, ilmenites are minerals from rocks.  Discriminant Function Analysis 
of trace element data from kimberlitic ilmenites with known diamond associations 
identifies distinct groups.  These associations can be used to infer the potential 
presence/absence of diamond, potential grade range, and diamondiferousness of 
a kimberlite by adding new ilmenite data into the analysis.  This work can be 
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